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Abstract
High-pressure to ultra-high-pressure metamorphic rocks of the Himalayan–Tibet orogen have informed 
our understanding of metamorphic processes; they established the reference model for continental 
crustal convergence. Though volumetrically minor, eclogite components preserve information 
fundamental to understanding the earliest stages of the orogenic cycle, and geological processes 
relating to subduction. Integrating information from observation-based techniques such as petrology, 
geochemistry and geochronology with mineral equilibria modelling reveals dynamic histories and 
geological processes associated with rock formation and preservation. This thesis focuses on prograde 
metamorphic assemblages and geochronological relationships in high-P to ultra-high-P eclogite from 
key parts of the Himalayan–Tibet orogeny: the Qiangtang metamorphic belt, central Tibet; the Tso 
Morari metamorphic dome, NW India; and similar rocks from western Dabie Shan, central China.
 
 High-P metamorphic rocks in the Qiangtang metamorphic belt (QMB) central Tibet record 
the closure of a paleo-Tethyan Triassic ocean that formerly separated Cathaysian and Gondwana 
components of Asia, now forming the northern and southern Qiangtang blocks. The rocks are part 
of the southeast-trending Longmu Co Shuanghu suture zone (LSSZ), which stretches more than 500 
km through central Tibet. A series of blueschist and eclogite facies rocks occur as m to km-scale 
pods surrounded by lower-grade garnet–phengite-bearing schist and quartzite. Eclogite facies rocks 
record peak assemblages involving garnet, omphacite, barroisite, epidote, phengite and rutile. Most 
eclogite assemblages are extensively recrystallized to high-P amphibolite and greenschist, formed 
during water ingression during terrane uplift. Modelling using P–T psuedosections constructed in the 
Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2–O (NCKFMASHTO) system with petrographic 
analysis provides the ability to recover a dynamic P–T history for the Gemu Co eclogite assemblages. 
Prograde (S1) assemblages best match a model P–T field involving garnet, glaucophane, omphacite, 
rutile, lawsonite, chlorite and quartz, and peak (S2) conditions match a model assemblage involving 
garnet, barroisite, omphacite, rutile, epidote and quartz. Based on microstructural observations, 
chemical analyses and psuedosection modelling, a P–T path for the Gemu Co eclogite is defined from 
P ≈ 21.5 kbar at T ≈ 505 °C for S1 through to the peak assemblage at P ≈ 15 kbar at T ≈ 570 °C for 
S2. 40Ar/39Ar step heating ages of white mica from recrystallized eclogite and host metasedimentary 
components suggest the development of epidote–amphibolite and greenschist facies assemblages by 
water ingression that accompanied terrane uplift by 221 ± 0.7 Ma. The P–T history of the high-P rocks 
of the QMB records the deep subduction of a segment of a paleo-Tethyan oceanic crust to depths of 
approximately 70 km. 
Garnet in high-P to ultra-high-P mafic eclogite at Tso Morari, Ladakh Himalaya, NW India, 
records evidence of multiple growth stages. Grain cores in eclogite from the centre of the Tso Morari 
dome are grossular-rich and pyrope poor in comparison to grain rims. Garnet core and rim domains are 
separated by a layer of spessartine-rich garnet, inferred to reflect a period of partial grain resorption. 
Grain cores have inclusion assemblages involving paragonite, ilmenite, actinolite, epidote and quartz 
reflecting a P–T path evolving from 15–24 kbar and 450–550 °C. Grain rim inclusions involve 
omphacite, talc, rutile, quartz and coesite, reflecting growth conditions from 26–28 kbar and 550–620 
°C. The two garnet domains also have distinct REE compositions: REE content in grain cores define 
a (normalised) linear trend, element enrichment increasing with atomic mass; whereas grain rims 
are enriched in the MREEs and comparatively depleted in HREEs. Eclogite sampled from towards 
the dome margin is metasomatised in comparison with samples taken from the dome core, and is 
extensively recrystallized to a third assemblage rich in barroisite, paragonite and phengite.  Sensitive 
high-resolution ion microprobe (SHRIMP) U–Pb analysis of in situ zircon grains from the matrix and 
garnet rims reveal two distinct age populations; c. 55 Ma and c. 48 Ma. Zircon grains from garnet cores 
yield older, c. 280 Ma mixed ages suggesting a possible Panjal Traps origin. In situ age constraints of 
poly-phase garnet of UHP Tso Morari eclogite are best explained by multiple stages of Paleocene to 
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Eocene crustal burial.
Heterogeneously deformed high-P to ultra-high-P eclogite can preserve pressure variation 
within mineral textures. Variations in expansivity and compressibility properties of common rock-
forming minerals may lead to the development of residual or non-lithostatic pressures along different 
stages of a rock’s metamorphic P–T path. Residual pressure estimates determined using Raman 
spectroscopy were integrated with a simple elastic model that considers the pressure and temperature 
dependency of compressibility and expansivity of garnet and mineral inclusions. Representative ultra-
high-P eclogite samples were analysed from: (1) Dabie Shan in central China which experienced 
peak pressure conditions c. 3.2 GPa and 620 °C; and (2) Tso Morari in Ladakh, NW India which 
experienced c. 2.8 GPa and 610 °C. Positive peak shifts from measured Raman frequencies are used 
to determine the metamorphic conditions prevalent at the time the inclusion quartz was captured by 
the host garnet. Garnet–quartz relationships from the eclogite samples suggests a residual pressure of 
less than 0.8 GPa are retained in quartz inclusions that have not yet undergone volumetric changes to 
coesite at ultra-high-P conditions. These results suggest that resolving pressure differences observed in 
rocks showing equilibrium may require a coupled mechano-chemical approach, as stress and chemical 
diffusion in solid phases are coupled, as mechanical equilibration can result in pressure variations that 
correspond to chemical variations. 
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Introduction
Subduction recycles Earth’s oceanic and 
continental crust and is a fundamental part of 
the plate tectonic process. The transition from 
blueschist to low-T eclogite facies occurs early in 
subduction with a comparatively cool geothermal 
gradient, and detail of mineralogical and chemical 
changes dependent on the evolving pressure-
temperature (P-T) conditions has been the focus 
of many geological studies over the years (e.g. 
Ernst, 1963, 1972, 1973, 1988; Peacock, 1992, 
1993, 1996; Wijbrans et al., 1993; Maruyama 
et al., 1996; O’Brien, 1997; Spandler et al., 
2003; Tsujimori et al., 2006; Agard et al., 2009; 
Brovarone et al., 2011; Tsujimori & Ernst, 2014). 
Evidence for the earliest stages of prograde 
metamorphism is commonly poorly preserved, 
due to subsequent changes linked to heating, 
retrogression and/or hydration during exhumation, 
with few studies focusing on this process (e.g. 
Fitzherbert et al., 2003; Wei & Clarke, 2011). 
The poor preservation of the earliest metamorphic 
assemblages is even more pronounced in 
Barrovian-type orogens formed as a consequence 
of continental convergence: the comparatively 
high-T low-P conditions accompanying later 
stages of prograde metamorphism (e.g. England 
& Richardson, 1977; Arenas & Marti, 2003; Burg 
& Gerya, 2005) can extensively or completely 
recrystallize early low-T high-P assemblages, 
limiting our understanding of causal geological 
processes. Detail of the prograde histories in low- 
to intermediate T metamorphic rocks (< 600 °C) 
is commonly preserved in the chemical zoning of 
anhydrous minerals such as garnet, where rates of 
grain growth surpassed the rates of grain-scale re-
equilibration by diffusion, mostly due to sluggish 
reaction kinetics (e.g. O’Brien & Vrana, 1995; 
Marmo et al., 2002; Konrad-Schmolke et al., 
2008). Such prograde mineral zoning can be well-
developed in blueschist and low-T eclogite facies 
rocks, particularly in garnet, and provides clues 
valuable to the understanding of major and trace 
element evolution in subduction and orogenic 
processes (e.g. John et al., 2004; Malaspina et al., 
2006; Cheng et al., 2007) and aid in constraining 
the duration of metamorphic events (e.g. Ganguly 
et al., 1996; O’Brien, 1997). 
Elemental zoning of rock-forming minerals 
is perhaps best expressed in garnet, which can 
preserve zoning in major and trace elements (e.g. 
Hickmott, 1988, 1990, 1992; Griffin et al., 1993, 
1995, 1996; Spear & Kohn, 1996; Spandler et al., 
2003; Konrad-Schmolke et al., 2008; Clarke et 
al., 2013) and isotopic ratios (e.g. Blichert-Toft & 
Albarede, 1997, 1999; Duchene et al., 1997; Prince 
et al., 2000; Thoni, 2002; Anczkiewicz et al., 2004; 
Carlson, 2006; Martin et al., 2014). Prograde 
growth of individual garnet grains may reflect T 
spectra in excess of c. 150 °C (e.g. Fitzherbert et 
al., 2005). Our understanding of garnet’s ability to 
act as a tape-recorder for changing P-T conditions, 
and a model for rates intracrystalline diffusion 
kinetics at low to intermediate temperatures, 
makes it a powerful tool in understanding the 
mineralogical, chemical, thermal and mechanical 
history in metamorphic rocks (Carlson, 2006; e.g. 
Babuska et al., 1978; Gillet et al., 1984; Holland 
& Powell, 1990; Konrad-Schmolke et al., 2008; 
Ravna, 2000; Spear 1997, 2004, 2005; Stipska 
& Powell, 2010). Elements forming garnet grain 
cores and mineral inclusions capture evidence of 
a mineral assemblage reflecting a point on a P-T 
vector. These elements may not participate in 
later reactions controlling, for example, matrix 
assemblages due to the protective effects provided 
by an enveloping garnet rim (e.g. Spear, 1997; 
Stüwe, 1997; Marmo et al., 2002; Vernon & 
Clarke, 2006). Depending on a reaction progress, 
there can be stepwise or progressive distinctions 
between core, rim and matrix assemblages recorded 
in garnet porphyroblasts. Given no modification 
by diffusion and sufficient garnet mode, say in 
excess of c. 10%, such zoned textures chemically 
fractionate the whole rock composition into 
components, which can significantly affect bulk 
compositions used for quantitative analysis. Early 
mineral reactions may have sampled the entire 
rock composition, but later reactions will sample a 
composition modified due to removal of elements 
locked in garnet cores (and rims). Prograde 
growth zonation will affect the composition of 
the reactants available to the rim of the garnet 
with changes in P-T conditions. Fractional effects 
will ultimately change the bulk composition, 
with consequences for mineral assemblage 
stability. Integrating the effects of compositional 
fractionation with mineral equilibria modelling 
that considers changes in mineral assemblages with 
changing P-T conditions, using software packages 
such as THERMOCALC (Powell et al., 1998) 
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presents a powerful method to calculate mineral 
composition, modes, the effect of compositional 
zoning and reaction histories as a function of P-T 
history. 
The subduction of continental crust 
to pressures in excess of 27 kbar and 32 kbar 
is widely accepted for the crystallization and 
preservation of coesite and microdiamond 
inclusions in eclogite facies minerals (Chopin, 
2003, and references therein). These signature 
minerals are sensitive to changing pressure, 
temperature and volume conditions and are rarely 
preserved at the surface of the Earth (Ernst, 2001). 
Their preservation is commonly dependent on its 
entrapment as inclusions in mechanically strong, 
fluid-impermeable, rigid hosts, such as garnet 
and zircon. These mechanically strong minerals 
act as ‘pressure vessels’ preventing rehydration 
and mechanical alteration by subsequent volume 
increase during decompression (Ernst et al., 1998; 
Chopin, 2003; e.g. Mosenfleder et al., 2005; 
Guiraud & Powell, 2006; Schmid et al., 2009). 
However, in active orogenic systems, deviatoric 
or non-lithostatic pressures may also develop. 
The development of non-lithostatic pressures 
and their effect on reaction kinetics in high- to 
ultra-high- pressure assemblages is recently 
debated (e.g. Mancktelow 1993; 1995, 2008; 
Burov et al., 2001; Raimbourg & Kimura, 2008; 
Angel et al., 2015). Significant and important 
assumptions of P–T conditions are made using 
a mineral assemblage captured as inclusions 
in ‘host’ minerals (e.g. Thompson & England, 
1984; Whitney et al., 1995; Braga et al., 2007; 
Fitzherbert et al., 2003; St-Onge et al., 2013). 
However, little is known of the relationship 
between host and inclusion after entrapment 
(e.g. Guiraud & Powell, 2006). Understanding 
the relationship between host-inclusion pairs 
can inform petrogenetic interpretations and the 
understanding of equilibrium thermodynamics 
controlling reaction development along a P–T 
vector.
The aim of this thesis is to define the 
prograde history of three high- to ultra-high-P 
(UHP) metamorphic terranes: the high-P 
Qiangtang metamorphic belt in central Tibet 
(e.g. Li et al., 1995; 2006; Kapp et al., 2000; 
2003; 2007; Zhang et al., 2009; Zhai et al., 
2011a, 2011b); UHP eclogite of the Tso Morari 
metamorphic dome in Ladakh, northwest India 
(e.g. de Sigoyer et al., 1997; 2000; 2004; Sachan 
et al., 1999; 2004); and coesite-microdiamond-
bearing eclogite of the Dabie Shan metamorphic 
terrane in central China (e.g. Wang & Liou, 
1991; Liou, 1996; Wang et al., 1993; Zhang & 
Liou, 1994; paper III) . The trajectory followed 
by each of these metamorphic events from 
high-P blueschist to UHP conditions is defined 
from detailed petrography, mineral equilibria 
modelling integrated with geochronology of 
representative samples. Pressure-temperature-
time (P-T-t) paths interpreted from the mineral 
equilibria modelling and geochronological 
analysis reveals detailed geological processes 
essential to understanding their metamorphic and 
orogenic evolution. Geochronological analysis 
integrated with (P-T-t) paths for the Qiangtang 
metamorphic belt aid in the understanding of the 
metamorphic evolution of the central Tibetan 
Plateau during the Triassic period, while slightly 
different techniques are used to understand the 
metamorphic evolution of the leading continental 
margin of India during it’s initial collision with 
Asia. Both high-pressure metamorphic localities 
are significant in understanding the tectono-
metamorphic history of the Himalayan–Tibetan 
orogen. While eclogite facies rocks from Dabie 
Shan metamorphic terrane belong to the Qinling 
orogeny, these eclogite facies rocks preserve 
excellent examples of coesite inclusions and 
is used to understand the processes related to 
extreme subduction metamorphism and the role of 
pressure variations in a rock and their influence on 
rock reaction history. This thesis aims to evaluate 
and discuss prograde subduction metamorphism, 
which accounts for large changes in lithostatic 
or overburden pressure. The Qiangtang eclogite 
was shown to have reached pressures of 21 kbar 
while Tso Morari eclogite reaching 28 kbar (well 
above the coesite stability field). Both Paper I 
and Paper II evaluate chemical disequilibrium 
in eclogite facies rocks, which allows for P –T–t 
calculations. However, Paper III explores the 
effect of mechanical disequilibrium, which may 
then allow for the preservation of UHP minerals, 
such as coesite, at the surface.
The extreme lateral and vertical extent 
of the Himalayan–Tibet orogen is one of the 
largest orogenic systems on Earth, developed 
by continental collision following subduction 
a Tethyan ocean. The timing of substantive 
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convergence between India and Eurasia remains 
controversial (e.g. Aitchison et al., 2000, 2007; 
Ali & Aitchison 2010; Molnar & Tapponier, 
1975; Rowley, 1996; Searle et al., 1987; Yin & 
Harrison, 2000). Volumetrically minor high-P 
to UHP eclogite preserves key information 
concerning the earliest evolution of the orogen. 
Phase relationships and reaction processes of high-
pressure eclogite components from representative 
areas are modelled in the system NCKFMASHTO 
to resolve their prograde histories, and date distinct 
stages of its metamorphic history to provide a 
broader understanding of the dynamic geological 
processes associated with this active collisional 
belt.  
The scope of this thesis
This thesis aims to identify processes controlling 
development and preservation of prograde to 
peak metamorphic assemblages in examples of 
high-P to UHP mafic eclogite. Analytical methods 
applied include detailed optical and beam-based 
petrography, electron, Raman and ion-beam 
based determination of mineral composition, 
zoning, and/or age. These data are integrated 
with the results of mineral equilibria modelling to 
document the high-P metamorphic development 
of each terrane. Results add to the understanding 
of the early to peak stages of burial/subduction 
metamorphism of UHP terranes in general, and 
the identification of significant events controlling 
the assembly of central Tibet and the Himalayan 
orogen. 
Specifically this thesis addresses:
 (1) The products of the subduction of a 
paleo-Tethyan oceanic crust to depths of c. 70 km, 
and its Triassic exhumation (Paper I). This paper 
incorporates the petrography of mafic eclogite 
with P-T and T-X pseudosections constructed in 
the system NCFMASHTO, results and analysis 
being integrated with 40Ar/39Ar geochronology to 
evaluate a prograde P-T-t path for the Qiangtang 
metamorphic belt.
 (2) The importance of compositional 
zoning in major and rare-earth elements in garnet 
from eclogite, which documents mineral reaction 
history during a transition from epidote blueschist 
through to coesite-bearing eclogite. Detail from 
mineral inclusion assemblages in the context of 
model P-T pseudosections appropriate to whole 
rock and fractionated components are used to 
interpreted poly-phase garnet growth stages and 
define the prograde to peak metamorphic history 
of the Cenozoic northwest Indian margin (Paper 
II). The results of in situ zircon dating are used to 
date growth stages and understand the subduction 
evolution of the Indian margin prior to and/or 
during the India-Asia collision. 
 (3) The application of different isotopic 
geochronometers to establish timing of mineral 
growth (Papers I & II). This establishes the timing 
of mineral growth, e.g. 40Ar/39Ar in white-mica 
and U–Th–Pb in zircon aid with the understanding 
of the metamorphic evolution of subduction and 
orogenic processes. 
(4) Applies Raman spectroscopy to 
evaluate residual pressures recorded within 
UHP metamorphic assemblages. Detail in 
Raman spectroscopic data from high- to ultra-
high- pressure mineral assemblages is analysed 
to interpret and discuss how UHP minerals, e.g. 
coesite, persist at atmospheric pressures (Paper 
III). It also discusses the variation in chemical and 
differential stresses within grain and how this may 
affect metamorphic reactions in the stability of 
high- to ultra-high- pressure mineral assemblages.
Geochronology
Information drawn from both rock-forming and 
accessory minerals is critical to resolving the 
history of metamorphic rocks. Minerals such as 
garnet and muscovite can be sensitive indicators to 
changes in P-T conditions, whereas radioisotope-
bearing (U–Th–Pb) accessory minerals such as 
zircon, monazite and allanite can be important 
geochronometers that date the age and timescales 
of subduction-related processes (e.g. Beltrando et 
al., 2009; Rubatto et al., 2002, 2007, 2011; Forster 
& Lister, 2004; Warren, 2011). These minerals 
can crystallize continuously or episodically over a 
range of P-T conditions and, if their petrographic 
context is well documented and understood, be 
used to date the timing of key metamorphic events 
(Warren, 2011, e.g. Rowley et al., 1997; Rubatto, 
2002; Donaldson et al., 2013; St-Onge et al., 
2013). 
Different radioisotope series provide 
geochronological information relevant to distinct 
parts of the metamorphic process, mostly 
depending on the sensitivity of isotopic diffusion 
(closure temperature) assuming a closed system. 
As the diffusion of Uranium, Thorium and Lead 
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in zircon have very high (>1000 °C) closure 
temperatures (Lee et al., 1997; Cherniak & Watson, 
2001), their concentration can commonly be used 
to date high-T stages of geological histories in 
terranes with complex thermal histories. The lower 
(~ 450 °C) closure temperature for Ar diffusion in 
white-mica means that mineral 40Ar/39Ar apparent 
ages can be used to interpret the cooling history, 
or the ‘closure temperature age’ of high-P terranes 
(e.g. Wijbrans & McDougall, 1986; Kirschner et 
al., 1996; Di Vincenzo et al., 2004). Advantages 
of the 40Ar/39Ar step-heating method involves the 
measurement of the ratio of daughter 40Ar to parent 
40K isotope in the same analysis, overcoming 
sample heterogeneity problems (Mcdougall & 
Harrison, 1999). Step heating also has the potential 
to release additional information regarding the 
thermal history of a sample as both isotopes are 
released in proportion that can therefore be related 
to distinct metamorphic events. A vital aim of this 
thesis is to apply 40Ar/39Ar dating of white mica 
and U–Th–Pb dating of in zircon to the Qiangtang 
metamorphic belt (Paper I) and mafic eclogite 
from the Tso Morari metamorphic dome (Paper 
II), respectively, to assess the timing subduction 
related processes, including the timing of UP/
UHP metamorphism and exhumation. Limitations 
of the methods, such as determining the timing of 
mineral crystallization for each geochronometer 
and issues regarding common Pb and excess Ar 
contamination, are discussed in detail in each 
relevant paper. 
Modeling in the system NCKFMASHTO
Mineral equilibria modeling based on natural and 
experimental data have been used to unravel the 
metamorphic histories of blueschist to eclogite 
HP/LT (high-pressure/ low-temperature) terranes, 
providing fundamental constraints on models for 
subduction and orogenic processes (e.g. Carson 
et al., 1990, 1999; Guiraud et al., 1990; Stüwe 
& Powell, 1995; Will et al., 1998; Fitzherbert 
et al., 2002; Tian et al., 2014). In this method, 
equilibria among mineral phases are calculated 
where the internal free energy (Gibbs energy) 
is minimized with respect to mineral evolution 
(Spear, 1993). Protoliths of metabasites show 
appreciable chemical variability in their whole 
rock composition. Recent additions and updates 
of the solid solution models used include: 
amphibole by Diener et al. (2007); pyroxene by 
Green et al., (2007) and garnet by White et al., 
(2007). Larger model systems such as Na2O–
CaO–K2O–FeO –MgO–Al2O3–SiO2–H2O–TiO2–
O2 (NCKFMASHTO) can be used used to fully 
explore mineral paragenesis of metabasic rocks. 
Calculated P-T pseudosections integrated with 
observed petrographic information can be useful 
for recovering reaction history during prograde to 
peak metamorphism that are otherwise destroyed 
by fluid infiltration during retrogression and/or 
high-T recrystallization. An important aspect of 
this thesis is to apply the system NCKFMASHTO 
to high-P to UHP eclogite from three terranes - 
Qiangtang, Tso Morari and Dabie Shan - to evaluate 
their P-T histories based on observed mineral 
assemblages. Eclogite components from the three 
terranes preserve different mineral assemblages, 
each reflecting parts of geological processes 
that occur during the subduction of oceanic and 
continental crust. P-T pseudosections presented 
in this thesis are calculated with water in excess, 
based on the commonality of hydrous minerals 
(e.g. sodic-calcic amphibole) being part of the 
peak assemblage, for rock compositions specific 
for each high-pressure eclogite component of a 
given terrane. All pseudosections are calculated 
using version 3.33i of THEMROCALC and the 
internally consistent dataset 5.5 of Holland & 
Powell (1990; November 2003 update). 
The effects of domainal equilibrium is 
an important topic central to understanding the 
stability and preservation of high-P assemblages, 
and is explored in this thesis as part of the 
calculation of pseudosections. Paper II assesses 
the effects of domainal equilibration in which 
domains, interpreted to be different growth periods 
of garnet grains, are fractionated by prograde 
growth zonation from the rock composition. 
Comparatively simplistic stages are defined 
reflecting compositions an appropriate volume 
a rock would have experienced under evolving 
pressure and temperature conditions. Paper 
III assesses assemblages stable at ultra-high- 
pressure conditions, by comparing pseudosections 
calculated for mafic components from: (1) Tso 
Morari, a metamorphic dome identified as having 
reached depths in excess of c. 100 km; and (2) 
Dabie Shan, another well characterised UHP 
terrane with eclogite of similar composition to 
that at Tso Morari, reaching depths c. 150–300 
km.  
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Overview of the Thesis
Field mapping and sampling of rocks from 
central Tibet was conducted in September 2012 
by myself, and of northwest India by Prof. 
Geoffrey Clarke in June 2013 and September 
2014. Petrographic and structural analysis was 
conducted at the University of Sydney. Electron 
Microprobe and Laser Ablation ICMPS analyses 
were conducted at the CCFMS at Macquarie 
University. 40Ar/39Ar step heating and U–Th–Pb 
SHRIMP isotope analyses were performed at the 
Australian National University. Mapping for in 
situ zircon in thin section were conducted at the 
Australian Microscopy & Microanalysis Research 
Facility at the Australian Centre for Microscopy 
& Microanalysis at the University of Sydney. 
Raman Spectroscopy data and volume mapping 
were conducted at the Vibrational Spectroscopy 
Facility at the University of Sydney. 
Paper I High-P metamorphism of the Qiangtang 
Metamorphic Belt; P-T-t path using mineral 
equilibria modeling and 40Ar/39Ar geochronology, 
focuses on the petrology and mineral chemistry 
of mafic eclogite pods enclosed by high-
pressure metasedimentary components at 
Gemu Co in the Qiangtang Metamorphic Belt 
(QMB). A P-T pseudosection is calculated using 
THERMOCALC in the system NCFMASHTO 
for bulk rock compositions suitable to the Gemu 
Co mafic eclogite component. This pseudosection 
is used to examine the metamorphic evolution 
from prograde to peak to retrograde assemblages. 
40Ar/39Ar geochronology of recrystallized post-
peak assemblage white mica from both mafic 
and surrounding metasedimentary components 
are analyzed to assess the timing of exhumation 
of the terrane. Using previously reported U-Pb 
zircon ages for peak metamorphism and this 
study’s initial exhumation age, a P-T-t path can 
be constructed for the Qiangtang metamorphic 
belt. I am the first author on this paper and 
100% of it can be credited to this thesis. The 
second and third authors are my PhD supervisors 
whose research grants funded the work and who 
helped in preparation of the manuscript. The 
fourth author is a collaborator from the Argon 
Geochronology Facility at the Australian National 
University where 40Ar/39Ar step heating analyses 
were conducted. The integration of Ar isotopic 
systems in white-mica with a carefully modeled 
PT path in this study allows insight into the 
tectonometamorphic exhumation history of the 
high-P rocks from the Qiangtang Metamorphic 
Belt in Tibet. This paper presents evidence for a 
post-peak, initial exhumation age of 221 ± 0.7 Ma 
for the formation of phengite bearing foliations in 
both mafic and metasedimentary components. The 
proposed P–T–t trajectory of initial subduction 
of part of a paleo-Tethyan places the Qiangtang 
block at c. 70 km depth during the early Triassic. 
Parts of this paleo-Tethyan oceanic crust attained 
peak metamorphic conditions during the middle 
Triassic (237–230 Ma) after which it was exhumed 
to lower to mid-crustal conditions during the late 
Triassic (221 Ma). This gives exhumation rates in 
the order of 1 cm/a for the Qiangtang Metamorphic 
Belt. The data in this study confirms the existence 
of an oceanic subduction system in the Triassic 
resulting in a high-pressure metamorphic belt 
separating two distinct blocks of the ‘Qiangtang 
terrane’ in central Tibet.
Paper II Timing of multi-stage garnet growth 
in UHP rocks from the Tso Morari metamorphic 
dome, Ladakh, NW India, examines the 
metamorphic evolution of the northwestern Indian 
margin during the Eocene-Oligocene to provide a 
detailed textural framework for understanding age 
results from in situ U–Pb zircon analysis and better 
understanding of the tectonic history relating to the 
India-Asia collision. I am first author on this paper 
and 100% of it can be credited to this thesis. The 
second and third authors are my PhD supervisors 
whose research grants funded the work, sample 
collection, and who helped in the preparation of 
the manuscript. The fourth author is a collaborator 
at the Australian National University responsible 
for the SHRIMP facility where the U–Th–Pb 
analyses where conducted and assisted in the 
data processing and interpretation of results. 
This paper aims to constrain the timing of the 
different observed garnet growth stages through 
in situ U–Pb in zircon analysis and provide a 
likely tectonometamorphic evolution for the 
subducting Indian margin. Early prograde growth 
formed cores with paragonite, ilmenite, actinolite, 
epidote and quartz inclusions that reflect a P-T 
path moving through 15–24 kbar and 450–550 °C. 
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These initial high-P conditions preceded a stage of 
garnet resorption marked by a step in spessartine 
content at the core margin, best explained by an 
isothermal pressure increase from c. 22 to 26 
kbar. Subsequent UHP conditions are recorded by 
chemically-distinct mantles and narrow rims of 
pyrope-rich garnet with omphacite, talc, rutile and 
quartz/coesite inclusions reflecting 27–30 kbar 
and 550–620 °C, modelled using a fractionated 
rock composition. SHRIMP U–Pb dating of 
zircon inclusions analysed in situ from the UHP 
rims yield two distinct population of ages: c. 55 
Ma and c. 37 Ma relating to subduction of thinned 
Indian continental crust to high-P conditions with 
an intraoceanic system and secondly, an Oligocene 
collision between India and Asia. 
Paper III Combining Raman spectroscopy and 
mineral equilibria modelling to examine pressure 
variation in UHP eclogite from Dabie Shan and 
Tso Morari, provides a detailed study using Raman 
spectroscopy to estimate residual pressures in two 
well-known UHP terranes: Tso Morari in northwest 
India and Dabie Shan in northwest China. I am 
the first author on this paper and 100% of it can 
be credited to this thesis. The second and third 
authors are my PhD supervisors whose research 
and grants funded the work, sample collection and 
who helped in preparation of the manuscript. The 
fourth author is a collaborator from the Vibrational 
Spectroscopy Core Facility at the University of 
Sydney where the Raman spectra analyses where 
conducted and helped with the data procession 
and interpretation of results. Calculated shifts 
in Raman peaks of quartz inclusions hosted in 
garnet grains enable the interpretation of residual 
pressures still contained by the ‘pressure vessel’ 
effect. Analysis of host-inclusion systems reveal 
residual pressures of up to 8 kbar are preserved 
in quartz inclusions that have not yet undergone 
volumetric changes to coesite within garnet in 
UHP metamorphic rocks. Within grain chemical 
variation is suggested to vary the chemical 
potentials locally acting on mineral inclusions 
that preserve evidence of UHPM. 
I am a junior author of Paper IV Orthopyroxene–
omphacite- and garnet–omphacite-bearing 
magmatic assemblages, Breaksea Orthogneiss, 
New Zealand: Oxidation state controlled by 
high-P oxide fractionation, which assesses the 
petrogenesis of orthopyroxene in high-P granulite 
from the Breaksea Orthogneiss has been published 
in Lithos (2015). A monzodioritic host partially 
recrystallised to omphacite–garnet–plagioclase– 
rutile granulite at 850 °C and 1.8 GPa has metre to 
decametre-scale, cognate inclusions ranging from 
ultramafic through gabbroic to monzodioritic 
composition. Coarsely layered garnetite and 
diopsidic clinopyroxenite cumulate preserves 
igneous textures, whereas garnet–omphacite 
cumulate shows a partial metamorphic overprint 
to eclogite. Garnet and omphacite in undeformed 
to weakly deformed rocks have similar major 
and rare earth element characteristics reflecting 
their common igneous origin, pointing to a lack 
of metamorphic recrystallisation. Inclusions 
of omphacite–orthopyroxene–plagioclase–
ulvöspinel orthogneiss have whole-rock 
compositions almost identical to the host 
monzodiorite. The presence of orthopyroxene 
is interpreted to reflect redox distinctions: early, 
oxidised magma crystallised orthopyroxene 
and ulvöspinel at high-P (~ 1.8 GPa), garnet 
crystallisation having been suppressed. Progressive 
fractionation of oxygen into early formed phases 
(ulvöspinel, magnetite, orthopyroxene, ferric 
iron-rich omphacite and rare garnet) drove the 
magma to less oxidising conditions, resulting in 
the more common igneous assemblage of garnet, 
omphacite and rutile in the main host. This paper 
is not directly relevant to the thesis and included 
as Appendix VI. I was involved in early stages of 
the work, evaluating metamorphic origins for the 
orthopyroxene through the application of mineral 
equilibria modeling, generating results which 
were not included in the final paper. I am fifth 
author on this paper and 10% of it can be credited 
to this thesis.
The Discussion provides a concise summary of all 
the important findings concerning the preservation 
of prograde and peak metamorphic assemblages in 
high-P mafic rocks and their tectonic implications. 
The major findings of this thesis are integrated 
with the current theories for the tectonic evolution 
of high- to ultra-high- pressure metamorphism 
in the Qiangtang, Tso Morari and Dabie Shan 
terranes and its application to other HP-UHP 
metamorphic belts/terranes.
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Abstract
Blueschist and eclogite lenses occur discontinuously in garnet-phengite schist, quartzite and marble in 
the SE-trending Qiangtang metamorphic belt, which separates Cathaysian and Gondwana components 
of the composite Qiangtang terrane in central Tibet. The high–P metamorphic belt separating 
these different geographical components has significant bearing on plate-suturing processes. The 
results of mineral equilibria modelling in Na2O-CaO-K2O-FeO-MgO-Al2O3-SiO2-H2O-TiO2-O 
(NCKFMASHTO) predict: (1) prograde (S1) eclogite assemblages of garnet, glaucophane, omphacite, 
rutile, and chlorite (Gemu Co) formed at P ≈ 21.5 kbar and T ≈ 505 °C; and (2) 237–230 Ma peak (S2) 
assemblages of garnet, barroisite, omphacite, rutile, clinozoisite and quartz formed at P ≈ 15 kbar and 
T ≈ 570 °C. Eclogite was recrystallized to epidote-amphibolite and greenschist assemblages during 
water ingression that accompanied terrane uplift by 221 ± 0.7 Ma, based on white mica in both eclogite 
and metasediment dated by the 40Ar/39Ar step heating method. Exhumation following Late Triassic 
collision between the northern and southern Qiangtang blocks was initially slow (~ 2 mm / a) as peak 
conditions reflect lower pressures than the maximum recorded. A cold geotherm (~ 7 °C/km) suggests 
subduction of an oceanic crust during the Early Triassic, closing a section of the Paleo-Tethys, suturing 
the northern and southern Qiangtang blocks. 
1. Introduction
Many aspects of subduction metamorphism and 
the methods necessary to exhume metamorphosed 
oceanic crust to the surface remain controversial, 
as there is no way of sampling or viewing 
directly the processes that recycle oceanic crust 
into the mantle. Rocks metamorphosed at high-P 
conditions and returned to Earth’s surface thus 
provide a basis for our understanding of these 
fundamental processes (e.g. Ernst, 1988; Okay, 
1989; Bebout 1996; Rubatto & Hermann, 2001).
Blueschist and eclogite lenses occur 
discontinuously in garnet–phengite schist, 
quartzite and marble in the SE-trending Qiangtang 
metamorphic belt (QMB; Fig. 1). Altogether 
they represent a zone of mélange that separates 
Cathaysian and Gondwanan components of the 
composite Qiangtang terrane in central Tibet 
(Wang & Mu, 1993; Li, 1987; Li et al., 1995; 
Zhang 2001; Zhang et al., 2006a). The QMB is one 
of the most extensive high-P belts in the Tibetan 
plateau (Zhai et al., 2011a, b), and has been the 
subject of many petrological and geochronological 
studies (e.g. Hennig, 1915; Cheng & Xu, 1986; Li 
et al., 1995, 2006, 2009; Metcalfe, 1996, 2011, 
2013; Kapp et al., 2000, 2003, 2007; ; Zhang 
et al., 2006a,b, 2012; Pullen et al., 2008, 2011; 
Liu et al., 2011; Zhai et al., 2011a, b; Tang et 
al., 2012, 2014). The high-P/low-T rocks of the 
QMB are suggested to be remnants of a paleo-
Tethyan ocean that separated the south Qiangtang 
block from the north Qiangtang block during the 
Permian (Li et al, 2006; Liu et al., 2011; Zhai et 
al., 2011a, b). 
Pressure-temperature conditions inferred 
for the metamorphism of high-P rocks of the 
QMB cover a large spectrum. Zhai et al. (2011a) 
integrated the results of garnet–clinopyroxene 
exchange thermometry with silica-in-phengite 
barometry to infer peak conditions in mafic 
eclogite from Gangma and Gemu Co of P = 20–
Keywords: Qiangtang terrane, eclogite, P–T–t path, paleo-Tethyan Ocean, Triassic
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Fig. 1. Simplified geological map showing high-P metamorphic rocks of the Qiangtang metamorphic belt in central Tibet 
modified after Lui et al. (2011). BNS: Bangong-Nujiang suture zone, LS: Longmu Co-Shuanghu suture zone, JS: Jinsha 
suture zone, KLS: Kunlun suture zone. NQB: northern Qiangtang block. SQB: southern Qiangtang block. Amdo gneisses 
after Kapp et al. (2003) and Liu et al. (2009). Songpan-Ganzi flysch complex after Kapp et al. (2003). Late Triassic 
granitoids after Kapp et al. (2003), Zhang et al. (2006a), Xiao et al. (2007), Xiong et al. (2006). Late Triassic rhyolite–
dacite after Zhai & Li, (2007). Late Permian–Early Triassic andesites in Zado area after Li et al. (2007), and in Tuotuohe 
area after Li (2006) and in Lugu area after Wu & Lan (1990). Sample localities are numbered (1) Gangma Co and (2) Gemu 
Co.
25 kbar for T = 410–460 °C, conditions falling 
within the lawsonite-eclogite field. Zhang et al. 
(2006a) proposed that garnet grain cores had 
equilibrated with omphacite cores from Gemu 
Co eclogite at P ≥ 25 kbar and T = 480–625 °C, 
and garnet grain rims equilibrated with pyroxene 
rims during retrogression at P = 10–12 kbar and 
T = 460–600 °C. Liu et al. (2011) and Tang et 
al. (2012) analysed high-P metasedimentary 
assemblages just south of Gemu Co. Liu et al. 
(2011) used P–T pseudosections calculated using 
PERPLEX software package (Connolly; 1990; 
2009, updated April, 2010), to propose that garnet 
grain cores from blueschist samples at Rongma 
Co reflect peak conditions of P = 19 kbar and T = 
480–510 °C. Tang et al. (2012) proposed higher 
pressure conditions of P > 27 kbar and used 
Fe2+/Mg exchange in garnet and clinopyroxene 
grain pairs to obtain temperature estimates of 
510–580 °C. Garnet–hornblende grain pairs 
in the same samples reflect T ≈ 650 °C. These 
calculations show discrepancies between P–T 
estimates for peak metamorphic assemblages for 
the metamorphic belt. 
In this study we use petrology, 
thermobarometry and P–T pseudosection analysis 
to infer the P–T path followed by mafic eclogite 
of the QMB and place it in a tectonic context. 
Classical thermobarometry of inferred prograde 
and peak assemblages together with the results 
of pseudosection analysis undertaken using 
THERMOCALC (v.3.33i; release date 26 October 
2009; Powell and Holland, 1988) and the internally 
consistent dataset 5.5 of Holland & Powell 
(1990; November 2003 update), illustrates the 
metamorphic evolution of the rocks with respect 
to evolving P–T conditions. Our results indicate 
that the rocks were subducted to P ≈ 21 kbar at 
505 °C to develop the S1 assemblage involving 
omphacite glaucophane, rutile, chlorite and quartz 
preserved in garnet grains cores. Intergrowths of 
epidote and paragonite are assumed to reflect the 
pseudomorphing of lawsonite. Uplift to P ≈ 15 
kbar and 560 °C was followed by the development 
of peak S2 assemblages omphacite, barroisite, 
phengite, rutile, quartz and clinozoisite preserved 
in garnet grain rims. Petrologic constraints on 
the timing of white mica growth with respect to 
prograde and peak assemblages in both mafic and 
host components allows for 40Ar/39Ar ages to be 
tectonically significant. These P–T paths can be 
explained by exhumation through a subduction 
channel before being entrained in accretionary 
wedge sediments and ophiolitic mélange. 
2. Regional Geology
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The Tibetan Plateau is a collage of continental 
fragments, volcanic arcs and suture zones that 
collectively reflect several hundred millions of 
years of continental rifting, plate convergence, 
collision, subduction and accretion (Yin & 
Harrison, 2000; Metcalfe, 2013). The northwards 
migration of Gondwanan fragments was 
associated with the opening and subsequent 
closing of three Tethyan oceans: Paleo-Tethys 
(Devonian–Triassic), Meso-Tethys (late Early 
Permian–Late Cretaceous) and Ceno-Tethys 
(Late Triassic–Late Cretaceous) (Metcalfe, 1994, 
1996a,b, 1998, 2013). The Qiangtang terrane is 
located in the centre of the Tibetan Plateau (Fig. 
1). It is bounded to the north by the Jinsha suture, 
and to the south by the Bangong-Nujiang suture 
(Chang & Zheng, 1973; Allègre et al., 1984; 
Pierce & Deng, 1988; Dewey et al., 1988). The 
terrane is composite and is divided into three 
domains (Fig. 1): the north and south Qiangtang 
Blocks (NQB and SQB respectively, also referred 
to as the eastern and western Qiangtang) separated 
by a 500 km high-P belt known as the Qiangtang 
metamorphic belt (QMB). The QMB is also 
referred to as the Longmu Co-Shuanghu suture 
zone (LSSZ) (Li, 1987; Li et al., 1995; Zhang 
et al., 2006a, b, 2011; Zhai et al., 2011a, b) and 
is considered to contain remnants of subducted 
paleo-Tethyan oceanic lithosphere. 
The QMB includes Late Triassic eclogite 
and blueschist at Gangma Co, Gemu Co and 
Rongma, together with Early Silurian metabasalt, 
Late Devonian, Carboniferous and Permian 
ophiolitic mélange, OIB-type basalt, metapelitic 
rocks, marble, minor chert, ultramafics, and 
sparse Early Permian flysch sequences (Li et 
al., 1995; Yin & Harrison, 2000; Kapp et al., 
2003; Li et al., 2007; Zhai et al., 2011a, b, 2013). 
Middle Permian ophiolite in the QMB consists of 
pyroxene peridotite, olivine pyroxenite, gabbro-
diabase, basalt, pillow basalt, and radiolarian-
bearing cherts that are Late Devonian in age (Li 
et al., 2007). 
Eclogite at Gangma Co occurs in a belt 
c. 1 km long and 300 m wide, together with 
blueschist, ophiolitic mélange and marble (Zhai 
et al., 2011a; Fig. 1). Eclogite at Gemu Co (Fig. 
1) occurs c. 20 km south of the salt lake (Li et 
al., 2006), as a series of elongate pods that 
collectively form a belt approximately 10 km long 
and 3 km wide (Zhai et al., 2011a). Eclogite and 
metamorphosed ultramafic rocks occur as lenses 
and massive blocks in metasedimentary schists, 
including garnet–phengite schist, glaucophane–
phengite schist, quartzite and marble (Li et 
al., 2006; Zhai et al., 2011a). Blocks range in 
size from c. 1 m to c. 100 m. Most mafic rocks 
have sharp contacts with the enclosing schist 
(Zhang et al., 2006a; Zhai et al., 2011a), and are 
commonly zoned on a metre scale from eclogite 
to amphibolite schist (Zhai et al., 2011a). The 
zoning may involve a simple core–rim structure 
in smaller blocks, but be more complex in larger 
blocks that are cut by retrograde schist zones. . 
Mafic eclogite protoliths from the Qiangtang 
metamorphic belt are suggested to have an Ocean 
Island basalt (OIB) and Enriched–Mid Ocean 
Ridge basalt (E–MORB) affinity (Zhai et al., 
2011a).
3. Petrography
Eclogite at Gangma Co is composed of coarse-
grained garnet (35 %), barroisite (20 %), omphacite 
(14 %), clinozoisite (11 %), actinolite (10 %), 
muscovite (5 %), and titanite (3.5 %) and minor 
quartz (point counting, sample GMC1201H). 
Mineral modes of eclogite assemblages were 
determined using mineral point counting (counts 
of 700 per sample). Garnet forms idiomorphic 
to xenoblastic grains (0.2–1 mm diameter), 
commonly fractured with randomly oriented 
inclusions of quartz and clinozoisite (Fig. 2a). 
Garnet is enveloped by fine-grained barroisite, 
clinozoisite and actinolite (Fig. 2 a & b). 
Barroisite is up to 2 mm in length and defines a 
penetrative foliation in most samples. Omphacite 
is typically xenoblastic, 0.1–0.5 mm in diameter, 
inclusion free and mostly pseudomorphed by 
barroisite. Optically zoned clinozoisite (0.5–1 
mm in diameter) is mostly inclusion free and 
intergrown with coarse-grained barroisite. 
Titanite (< 0.1 mm in diameter) occurs both as 
euhedral grains and irregular aggregates that 
partially pseudomorph rutile and garnet. Garnet 
and omphacite are enveloped by fine-grained (< 
0.1 mm) retrogressive actinolite. 
Fine-grained mafic rocks in schistose 
domains have a patchy texture and are inferred to 
represent intensely retrogressed mafic equivalents 
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Fig. 2. (a) Large fractured garnet grains in a matrix of barroisite, omphacite, clinozoisite and actinolite. (b) Photomicrograph 
of recrystallized matrix showing omphacite grains being replaced by hornblende and clinozoisite (sample GMC1201H). 
(c) Xenoblastic garnet grains showing an inclusion-rich core. (d) Barrositic–hornblende replacing omphacite defining the 
S2 assemblage. (e) Glaucophane inclusion within the core region of a garnet grain (sample 12GEC16B). (f) Prismatic 
clinozoisite inclusions in garnet inferred to be pseudomorphs after lawsonite.
of eclogite. They are formed mostly of intensely 
foliated assemblages of actinolite, clinozoisite 
and chlorite, and lack glaucophane (see matrix 
assemblage Fig. 2b). Clinozoisite grains range 
from 0.1 – 1 mm in length, and are optically zoned. 
Garnet is partially to entirely pseudomorphed by 
chlorite, albite and clinozoisite. Minor omphacite 
grains are ~ 0.1 mm in length and occur throughout 
the matrix. 
3.2 Gemu Co 
Mineral assemblages at Gemu Co are subdivided 
into three domains: (1) less recrystallized cores 
of blocks and lenses comprising eclogite; 
(2) recrystallized eclogite comprising mostly 
barroisite–clinozoisite–phengite schist; and (3) 
metasedimentary host including garnet–phengite 
schist and quartzite. 
Eclogite at Gemu Co forms pods 1 – 20 
m in length enveloped and cut by cm to m-scale 
schistose domains rich in barroisite, clinozoisite 
and actinolite. Eclogite is composed of garnet (35 
%), omphacite (24 %), barroisite (20 %), rutile (11 
%), epidote (7 %), phengite (< 4 %), and minor 
quartz and titanite (sample 12GEC16B), with 
varying proportions of barroisite, clinozoisite, 
rutile and chlorite.  Most samples are dominated 
by subhedral barroisite, both as large rectangular 
grains up to 2 mm in length and fine-grained 
foliated intergrowths with actinolite that partially 
pseudomorph garnet and omphacite. 
In least retrogressed domains, garnet 
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Fig. 3. (a, b) Phengite 
in mafic eclogite 
component from Gemu 
Co used for white 
mica geochronology. 
Phengite grains are 
inferred to be part of 
the S2 assemblage. (c, 
d) Intergrown quartz 
and garnet forming 
a snowball texture, 
enclosed by phengite 
that defines the 
pervasive foliation.
forms idiomorphic grains ranging 0.1 – 1.5 mm 
across with inclusion-rich cores and mostly 
inclusion free rims (Fig. 2c). Inclusions are 
randomly oriented are generally restricted to the 
core and include chlorite, titanite, quartz, rutile, 
glaucophane, and prismatic epidote inferred to 
be pseudomorphs after lawsonite (Fig. 2e & f). 
Omphacite is xenoblastic and occurs mostly 
as small (0.1 – 0.5 mm diameter) inclusion-
free grains, commonly replaced by barroisite. 
Barroisite grains are up to 2 mm across and 
constitute most of the matrix. However, minor 
barroisite inclusions are found within garnet rims, 
which are inferred to be in equilibrium with garnet 
rims. Clinozoisite and phengite occurs as large, 
elongate, subhedral grains with few inclusions. 
Rutile forms idiomorphic to xenoblastic grains 
ranging from 0.3 – 1 mm across (Fig. 2d) and 
is locally enclosed by granular titanite. Quartz 
is minor and occurs within the matrix and as 
inclusions within garnet grains. 
Well-foliated barroisite, clinozoisite and 
phengite constitute the penetrative foliation in 
mafic schistose domains. Rutile grains (< 0.1 mm 
in diameter) are enclosed by granular titanite. 
Garnet forms idiomorphic to xenoblastic grains 
(0.1 – 0.4 mm in diameter). Some garnet grains 
have inclusion-rich cores and inclusion-poor rims, 
similar to garnet in eclogite, whereas other garnet 
grains lack this structure. Neither omphacite nor 
glaucophane was observed in these mafic schist 
domains, as they have been recrystallized by 
hydrous assemblages to calcic-rich amphibole, 
epidote and white-mica. 
Metasedimentary rocks at Gemu Co 
include: (1) garnet-phengite schist; (2) quartz-
calcite-mica schist; and (3) quartz-mica schist. 
Garnet in garnet-phengite schist is poikioblastic 
and ranges from 1 – 3.5 mm in diameter. Delicate, 
fine-grained garnet-quartz intergrowths preserve 
snowball textures (Fig. 3c). Phengite defines 
the main foliation in these rocks (Fig. 3c & d). 
Quartz-calcite-mica schist has granoblastic calcite 
grains 0.05 –0 .2 mm in diameter. Quartz grains 
are 0.05 – 0.2 mm in diameter, subhedral and 
equigranular. The quartz-mica schist is formed 
mostly of subhedral to anhedral grains of quartz. 
Biotite occurs as large, subhedral to euhedral 
grains that define the penetrative foliation.
3.3 Summary of high-P assemblages
Textural relationships identified in eclogite 
from Gangma Co and Gemu Co reflect at least 
two metamorphic stages. Mineral inclusions 
in anhydrous minerals such as garnet reflect 
prograde growth stages, whereas the hydrous 
mineral assemblages forming rock matrices 
record parts of their retrograde history. An early 
(S1) assemblage recorded as inclusions in garnet 
cores involves garnet cores, omphacite cores, 
glaucophane, chlorite, rutile, quartz and epidote 
as pseudomorphs after lawsonite. A peak (S2) 
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Fig. 4. (a) Ternary plots with apices Spess+Gross, Pyrope 
and Almandine showing core to rim zoning profile 
for single garnet grains from Gangma Co eclogite and 
recrystallized eclogite components and Gemu Co eclogite. 
(b) Representative zoning profiles of Pyrope, Almandine, 
Grossular, Spessartine of garnet grains from Gemu Co 
eclogite component (sample 12GEC16B); dashed lines on 
plot indicate areas of zoning across samples. 
assemblage comprises garnet rims, omphacite 
rims, barroisite, epidote, rutile, minor quartz and 
phengite. Large epidote, phengite grains along 
with symplectites of diopside–albite and actinolite 
crosscut S2, record a hydration event during 
retrogression that accompanied exhumation 
from eclogite facies conditions through epidote–
amphibolite to greenschist facies conditions. 
4. Mineral Chemistry
Analysis of the major element composition 
of the rock-forming minerals was completed 
using polished thin sections and a CAMEBAX 
SX100 electron microprobe (EMP) housed at 
the Australian Research Council (ARC) National 
Key Centre for the Geochemical Evolution and 
Metallogeny of Continents (GEMOC), Macquarie 
University, Sydney. Operating conditions for the 
EMP involved 15 kV accelerating voltage and a 
beam current of 20 nA, data being collected on five 
separate wavelength-dispersive spectrometers 
(WDS). Representative microprobe analyses are 
reported in Supplementary Table 1.
Garnet end-member proportions 
were determined using the following 
calculations: Py = Mg/(Fe2++Mn+Mg+Ca), 
Alm = Fe2+/(Fe2++Mn+Mg+Ca), Gross 
= Ca/(Fe2++Mn+Mg+Ca), Spess = Mn/
(Fe2++Mn+Mg+Ca). Garnet in Gangma Co 
eclogite has weak compositional zoning with 
spessartine-rich cores of Spess0–0.2 Alm0.5–0.6 
enclosed by comparatively almandine-rich 
rims of Spess0–0.03 Alm0.6–0.7 (Fig. 4a). There is 
no appreciable change in grossular and pyrope 
content, cores having Gross0.25–0.35 Py0–0.1 and rims 
Gross0.26–0.34 Py0–0.1. Garnet in Gemu Co eclogite 
also has weak compositional zoning with core 
compositions of Spess0.05–0.12 Alm0.55–0.62 Py0–0.03 
and rims Spess0–0.01 Alm0.65 Py0.1 (Fig. 4a). Garnet 
has subtle bell-shaped zoning profiles (Fig. 4b) 
with antithetic zoning of spessartine relative 
to almandine, spessartine and pyrope contents. 
Garnet in Gemu Co eclogite has XFe = Fe
2+/
(Fe2++Mg) ≈ 0.94 in grain cores decreasing to ~ 
0.88 towards the rim. Garnet in recrystallized at 
eclogite Gemu Co is not zoned and almandine-
rich with Alm 0.9 Gross 0.1. Garnet in recrystallized 
eclogite has the least variation, matching closely 
the rim compositions of garnet in eclogite. 
Garnet in garnet-phengite schist components has 
moderate compositional zoning with grossular-
rich cores relative to almandine and pyrope with 
Gross0.2 Alm0.7 Py0.02 cores enclosed by Gross0.01 
Alm
0.8
, Py0.1 rims without appreciable variation in 
spessartine.
Clinopyroxene in eclogite from both 
Gangma Co and Gemu Co is omphacite. 
Stoichiometry, site occupancies and end-member 
calculations were made using the PX-NOM 
software (Sturm, 2002), with nomenclature 
and end-member proportions after Morimoto 
(1989). Clinopyroxene end-member proportions 
are: Jd = (2Na/(2Na+Ca+Mg+Fe2+))*(AlM1/
(AlM1+Fe
3+M1)), Ae = (2Na/(2Na+Ca+Mg 
+Fe2+))*(Fe3+M1/(AlM1+Fe
3+M1)) and Di/
Quad = (Ca+Mg+Fe2+)/(2Na+Ca+Mg+Fe2+). 
For the purposes of comparison, clinopyroxene 
compositions have been plotted on a ternary 
diagram with apices jadeite, aegerine and quad 
8The University of Sydney, PhD Thesis (Paper I), Adrianna Rajkumar, 2015.
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Fig. 5. (a) Ternary plot with apices jadeite (NaAlSi2O6), 
aegirine (NaFe3+Si2O6) and quad (MgCaSi2O6 + FeCaSi2O6) 
illustrating the composition of omphacite in Gangma 
and Gemu Co eclogite. Clinopyroxene analyses were 
recalculated following the method of Morimoto (1989). (b) 
Compositions of amphiboles in Gangma Co and Gemu Co 
eclogites, and Gemu Co recrystallized eclogites plotted in 
terms of Si cations per 23 oxygens vs. XNa = Na/(Na+Ca). 
Compositional boundaries follow the nomenclature of 
Leake (1978). (c) Compositions of white micas from the 
Gemu Co area plotted in terms of number of Si cations per 
22 oxygens vs. XNa = Na/(Na+K). 
(Fig. 5a). Omphacite in Gangma Co. eclogite 
component has a small variation in aegerine content 
and a narrow range of jadeite content between Jd 
41–42. Omphacite in Gemu Co eclogite has a larger 
range of jadeite, aegerine and quad compositions 
(Fig. 5a; Jd24–42). Sample 12GEC13A, one of 
the least recrystallized eclogites and also the 
only sample in which omphacite was found as 
an inclusion in garnet has the most variation in 
ferric iron content, compositions straddling the 
omphacite–aegerine–augite boundary (Fig. 5a). 
Amphibole in the QMB has a wide 
compositional range and includes glaucophane, 
barroisite, hornblende and actinolite (after 
Black, 1973; Leake, 1978, 1997). End-member 
compositions, ferric content and site distribution 
for calcic-sodic amphiboles were recalculated 
following Robinson et al. (1982) and classified 
according to Leake et al. (1997). Amphibole 
from eclogite at Gangma Co is hornblende or 
actinolite with 7.1–8 Si cations per formula unit 
(p.f.u., 23O) at XNa = Na/(Na+Ca) ~ 0–0.3 (Fig. 
3a; after Yokoyama et al., 1986). Three types 
of amphibole occur in eclogite at Gemu Co: 
glaucophane, barroisite and actinolite (Fig. 5b). 
Glaucophane in eclogite at Gemu Co is restricted 
to inclusions in garnet cores and has silica content 
ranging from 7.4–7.9 cations p.f.u. Amphibole in 
eclogite (e.g. 12GEC16) is mainly barroisite and 
has higher silica contents (7.2–7.8 cations p.f.u) 
and a lower range of XNa (0.3–0.5) compared 
with recrystallized samples (e.g. 12GEC17 & 
12GEC08) (6.8–7.2 Si cations and XNa 0.4–0.6; 
Fig. 5b). These data define a trend of decreasing 
silica content and an increase in XNa with the 
change from less to more recrystallized eclogite. 
White-mica is phengitic in composition. 
It has Si contents ranging from 6.4–7.1 cations 
p.f.u. (22O) (Fig. 5c). A general antithetic trend 
is defined by silica and sodic content, ranging 
from 7.1–6.8 Si cations and XNa = Na/(Na+K) ~ 
0.05 for phengite in the minimally recrystallized 
Gemu Co. eclogite to ~ 6.7 Si cations and XNa ~ 
0.1–0.2 in more recrystallized samples. Phengite 
in garnet–phengite schist samples have the lowest 
Si contents of 6.5 Si and XNa = 0.1–0.2.
The ferric proportion of epidote was 
calculated as Cz = (Al–2)/(Al–2+Fe3+) (after 
Beiersdorfer & Day, 1995). An increase in 
ferric iron content accompanies the change from 
eclogite to recrystallized eclogite. Clinozoisite 
in eclogite at Gangma Co has a wide range of 
ferric content ranging from Cz0.49 in the least 
recrystallized eclogite to Cz
0.70
 in the most 
recrystallized sample. Clinozoisite grains in the 
matrix of eclogite at Gemu Co ranges from Cz0.30–
0.37
 whereas clinozoisite inclusions in garnet are 
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All Fe (ferrous) has been corrected for Fe3+ (ferric) component following the method of Droop (1987); mineral abbreviations 
follow Whitney & Evans (2010). 1, Krogh (2000) (Grt + Cpx); 2, Ellis & Green (1979) (Grt + Cpx); 3, Graham & Powell 
(1984) (Grt + Hbl); 4, Powell & Holland (1988, 1994) (Average P–T using THERMOCALC); 5, Powell (1985) (Grt + 
Cpx); 6, Massonne & Schreyer (1989) (Si in Ph); 7, Green & Hellman (1982) (Grt + Ph). 
Table 1. Results from thermobarometric calculations made using microprobe data of minerals in representative samples 
from Qiangtang Metamorphic Belt.
Sample No. Lithology Mineral assemblage Assumed Calculated Method
P (kbar) T (°C) P (kbar) T (°C)
GMC1201H Gangma Co Grt-Omp-Czo-Brs 20 − − 411.4 – 447.2 1
eclogite component 18 − − 376.0 – 410.3 1
20 − − 422.1 – 451.5 2
18 − − 469.4 – 503.7 2
− − − 475.9 3
500 14.1 ± 4.4 5
12GEC08 Gemu Co Grt-Omp-Brs-Rt-Ph-Czo 20 − − 429.1 – 470.7 1
eclogite component 18 − − 474.2 – 522.8 1
20 − − 518.1 – 558.7 2
18 − − 563.6 – 610.0 2
− − − 558.8 3
500 21.1±3.63 5
15 508±92 5
12GEC16B eclogite component Grt-Omp-Brs-Rt-Ph-Czo 20 − − 351.6 – 377.3 1
18 − − 442.8 – 477.4 1
20 − − 448.9 – 474.9 2
18 − − 536.2 – 569.9 2
− − − 495.9 3
21.7±3.8 556±92 5
Grt-Gln − − − 444±25 3
12GEC13A moderately recrystallised Grt-Omp-Brs-Rt-Ph-Czo 20 − − 345.8 – 596.7 1
eclogite component 18 – – 423.4 – 476.5 1
20 − − 438.1 – 681.9 2
18 – – 554.4 – 566.9 2
18 500 23.6 ± 6.84 5
15 500 ± 67 5
21.3 – 23.0 400 - 751 4
21.9 –22.3 6
12GEC17 garnet-epidote amphiboliteBrs-Ttn-Grt-Rt-Ab − − − 540.7 3
(recrystallised eclogite) − 450-550 16.8 –17.3 − 6
12GEC03 garnet-phengite schist Grt-Ph-Qz − 450-500 14.7-15.4 − 6
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Cz0.24. Epidote in recrystallized eclogite at Gemu 
Co is Cz
0.86–0.91
.
5. Thermobarometry
Estimates of P–T conditions experienced by 
mafic eclogite and surrounding metasedimentary 
rocks were made using microprobe analyses of 
minerals from distinct textural settings, together 
with experimentally derived thermobarometric 
techniques and average P–T calculations using 
THERMOCALC 3.33 (Powell & Holland, 1988, 
1994; Holland & Powell, 1998; datafile 5.5). 
Mineral end-member activities were calculated 
using the computer programme AX (shareware 
written by T.J.B. Holland, http://rock.esc.cam.
ac.uk/asta/holland/ax.html) and the defaults 
suggested in Powell & Holland (1988). Ferric 
iron content estimates for garnet, pyroxene and 
amphibole were made on the basis of charge 
balance considerations and the values used in 
P–T calculations are shown in Table S1. Results 
from conventional thermobarometric techniques 
are presented for representative S1 and S2 mineral 
pair analyses in Table 1. 
Temperature estimates for mafic eclogite 
used garnet–clinopyroxene thermometry 
following Ellis & Green (1979). Table 1 
includes equivalent T estimates made using 
the thermometers of Krogh (2000; grt–cpx) 
and Graham & Powell (1984; grt–hbl). P–T 
estimates for the S1 assemblage in eclogite at 
Gangma Co eclogite were made using garnet 
grain cores paired with (matrix) omphacite grains 
cores in an attempt to minimise the effects of 
diffusive re-equilibration of iron and magnesium 
contents during retrogression. Almandine-rich 
garnet core compositions paired with omphacite 
grains give T = 422–452 °C at P = 20 kbar for 
sample GMC1201H. P–T estimates for the S1 
assemblage in eclogite at Gemu Co made using 
garnet and omphacite grain cores give T = 518–
559°C and 449–475 °C for samples 12GEC08 
and 12GEC16B respectively. While temperature 
estimates were made using the grt–hbl method of 
Graham & Powell (1984), pairing garnet cores 
with glaucophane inclusions to give T = 444 °C 
± 25. Estimates for S1 assemblages in eclogite 
at both locations need to be considered in the 
context of the pervasive (S2) recrystallization of 
these samples. 
P–T estimates for S2 assemblages were 
made using the composition of barroisite inferred 
to be in equilibrium with that of garnet rims, as 
well as garnet rims in equilibrium with omphacite 
rims. The (grt–hbl) method of Graham & Powell 
(1984) assumes that all iron is ferrous. An estimate 
of peak conditions (S2) experienced by eclogite 
at Gangma Co is T = 476 °C, whereas that for 
eclogite at Gemu Co is T = 559 and 440 °C for 
samples 12GEC08 and 12GEC16B respectively. 
Pressure estimates for S2 assemblages in eclogite 
at Gemu Co were made using Average P–T 
in THERMOCALC with the compositions of 
garnet (rim), omphacite (matrix rim), barroisite, 
epidote, phengite, quartz and water. End-member 
activities were calculated using the computer 
program AX assuming a T =  550 °C and a P = 
18 kbar. Average P–T calculations for sample 
12GEC16B returned T = 556 ± 92 °C and P = 
21.7 ± 3.8 kbar. (uncertainties reported at the 
95% confidence limits on the mean). The S1–S2 
temperature difference is probably higher than 50 
°C if lower-temperature re-equilibration is taken 
into account. 
Temperature estimates for retrogressed 
eclogite equivalents in contact with hosts garnet 
–phengite schist (sample 12GEC17), give T = 
541 °C, using the (grt–hbl) method of Graham & 
Powell, (1984), and T = 538 °C using the (grt–
ph) method of Green & Hellman, (1982) for host 
metasedimentary garnet–phengite schist (sample 
12GEC03). Pressure estimates for both samples 
were made using the silica component of phengite 
following the method of Massonne & Schreyer 
(1989). Assuming a T = 450–550 °C returns P 
= 16.8–17.3 kbar for sample 12GEC17 and P 
= 14.7–15.4 kbar for host sample 12GEC03. 
These P–T estimates for recrystallized eclogite 
components in contact with host metasedimentary 
garnet–phengite schist components match and 
thus we suggest major retrogression of mafic 
eclogitic pods by fluid influx from surrounding 
metasedimentary rocks at c. 15.5 kbar and 540 
°C. 
6. Mineral Equilibria Modelling
To assess the P–T evolution of the QMB, a P–T 
pseudosection (Fig. 6a) was constructed using the 
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Fig. 6. (a) P–T mineral equilibria modelling calculated in the mafic system NCKFMASHTO for the Gemu Co eclogite 
component sample 12GEC16B. Normalised mole proportions used in the construction of the equilibria are: SiO2: 48.50; 
Al2O3: 7.36; CaO: 10.99; MgO: 10.85; FeO: 13.55; K2O: 0.31; Na2O: 2.33; TiO2: 3.85; O: 1.27, assuming excess water. The 
variance of stability fields is shown as shaded colour intensity. Numbered fields are as follows; 1, Gln Act Hbl Mu Ilm Rt 
Ep H2O; 2, Gln Act Mu Ilm Rt Ep H2O; 3, Gln Act Hbl Mu Ilm Rt Ep Qtz H2O; 4, Gln Act Hbl Mu Ilm Rt Ep Qtz H2O; 5, 
Gln Act Grt Mu Ilm Rt Ep H2O; 6, Gln Act Hbl Grt Mu Ilm Rt Ep Qtz H2O; 7, Gln Act Hbl Grt Mu Ilm Rt Ep H2O; 8, Act 
Hbl Mu Ilm Rt Ep Qtz H2O; 9, Act Hbl Grt Mu Rt Ilm Ep H2O; 10, Act Hbl Grt Mu Ilm Rt Ep Qtz H2O; 11 Act Hbl Mu Ilm 
Rt Ep H2O; 12, Act Hbl Mu Ilm Rt Ep Sph Qtz H2O; 13, Hbl Mu Ilm Rt Ep Sph Qtz H2O; 14, Hbl Di Mu Ilm Rt Ep Sph 
Qtz H2O; 15, Hbl Di Mu Ilm Rt Sph Qtz H2O; 16, Hbl Mu Ilm Sph Qtz H2O; 17, Hbl Mu Ep Ilm Sph Qtz H2O; 18, Hbl Di 
Mu Ep Ilm Sph Qtz H2O; 19; Hbl Di Pl Mu Ep Ilm Sph Qtz H2O; 20; Hbl Di Mu Ep Ilm Rt Qtz H2O; 21, Hbl Grt Di Mu 
Ep Ilm Rt Qtz H2O; 22, Act Hbl Grt Di Mu Ep Ilm Rt Qtz H2O; 23, Act Hbl Grt Di Mu Ep Rt Qtz H2O; 24, Act Hbl Grt Di 
Mu Ep Rt H2O; 25, Gln Act Hbl Grt Di Mu Ep Rt H2O; 26, Gln Hbl Grt Mu Ep Rt H2O; 27, Act Hbl Grt Omp Mu Ep Rt 
H2O; 28, Gln Act Hbl Grt Omp Mu Ep Rt H2O; 29, Gln Act Hbl Grt Omp Mu Ep Ilm Rt H2O; 30, Gln Act Grt Mu Ep Ilm 
Rt H2O; 31; Gln Act Grt Mu Ep Ilm Rt Lws H2O 32, Gln Act Mu Ep Ilm Rt Lws H2O; 33, Gln Act Omp Mu Ep Ilm Rt Lws 
H2O; 34, Gln Act Omp Mu Ep Ilm Lws H2O; 35, Gln Act Grt Omp Mu Ep Ilm Lws H2O; 36, Gln Act Grt Omp Mu Ep Ilm 
Rt Lws H2O; 37, Gln Act Grt Omp Mu Ilm Rt Lws H2O; 38, Gln Act Grt Omp Mu Ep Rt Lws H2O: 39, Gln Act Grt Omp 
Mu Ep Rt Lws H2O; 40, Gln Act Grt Omp Mu Ep Rt Lws Qtz H2O; 41, Act Grt Omp Mu Ep Rt Lws Qtz H2O; 42, Act Grt 
Omp Mu Rt Lws Qtz H2O; 43, Act Grt Omp Mu Rt Lws Tlc Qtz H2O; 44, Act Grt Omp Mu Ep Rt Tlc Qtz H2O; 45, Act 
Grt Omp Mu Rt Tlc Qtz H2O; 46, Grt Omp Mu Rt Tlc Lws Qtz H2O; 47, Gln Act Grt Omp Mu Rt Tlc Lws Qtz H2O; 48, 
Act Grt Omp Mu Rt Ilm Tlc Lws Qtz H2O; 49, Gln Act Grt Omp Mu Rt Ilm Tlc Lws Qtz H2O; 50, Gln Act Grt Omp Mu 
Ilm Tlc Lws Qtz H2O. (b) Detail from P–T mineral equilibria calculated near and around the high-P and peak metamorphic 
field. Isopleths of x(grt) = 100(Fe2+/(Fe2++Mg)) are calculated and shown for core and rim regions; shown in stippled areas. 
(c) Isopleths of j(cpx) = 100(Na/Na+Ca)) are calculated and shown for inclusions in garnet grains and matrix omphacite. 
450 470 490 510 530 550 570 590 610 630 650
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
hbl omp grt mu ru 
qtz
act omp grt mu ru 
qtz 
omp grt 
mu ru qtz 
NCKFMASHTO + H2O 
hbl omp grt ep mu 
ru qtz
act omp grt ep mu 
ru qtzglc act omp grt ep mu ru qtz
glc act omp grt ep 
mu ru
omp grt mu 
ru qtz tlc 
omp grt mu ru 
qtz tlc lws 
act omp grt mu 
ru qtz tlc lws 
act omp grt mu 
ru tlc lws 
glc act omp grt 
mu ru tlc lws 
glc act omp 
grt mu ilm 
lws 
glc act grt ep mu 
ru ilm 
glc act 
ep mu 
ru ilm 
lws 
hbl act ep mu ru ilm 
hbl ep mu ru ilm sph
hbl omp grt 
mu ru ilm qtz
hbl di mu ru 
ilm sph qtz
P (kbar)
T (°C)
Peak
high-P
Variance 
1
2
3 4
5
6
7
8
9 10
11
12
13
14
15 16
17 18
19
20 21
22
23
24
25 26 27
2829
30
313233
34
35
36
37 38
39
40
41
42 43
44
45
46
47
484950
65432
SiO2  Al2O3  CaO  MgO  FeO  K2O  Na2O  TiO2  O
48.5  7.36  10.99 10.85 13.55 0.31 2.33  3.85 1.27
Grt
Grt
Grt
Grt
480 500 520 540 560 580 600 620
14
15
16
17
18
19
20
21
22
23
24
hbl omp grt ep mu 
ru qtz
act omp grt ep mu 
ru qtz
glc act omp grt ep 
mu ru qtz
glc act omp grt ep 
mu ru
omp grt mu 
ru qtz tlc 
omp grt mu ru 
qtz tlc lws 
act omp grt mu 
ru qtz tlc lws glc act omp grt mu ru tlc lws 
act omp grt 
mu ru qtz 
act omp grt 
mu ru qtz tlc  
act omp grt mu 
ru tlc lws 
glc act grt ep mu 
ru ilm
NCKFMASHTO + H2O 
90
89 88 87 86 85
85
89
88
87 86
x(grt) = 100*(Fe2+/Fe2+ +Mg)
480 500 520 540 560 580 600 620
14
15
16
17
18
19
20
21
22
23
24
hbl omp grt ep mu 
ru qtz
act omp grt ep mu 
ru qtz
glc act omp grt ep 
mu ru qtz
glc act omp grt ep 
mu ru
omp grt mu 
ru qtz tlc 
omp grt mu ru 
qtz tlc lws 
act omp grt mu 
ru qtz tlc lws glc act omp grt mu ru tlc lws 
act omp grt 
mu ru qtz 
act omp grt 
mu ru qtz tlc  
act omp grt mu 
ru tlc lws 
NCKFMASHTO + H2O 
47
47
46
45
40
39
38
37
36
35
j(cpx) = 100*Na/(Na + Ca) 
a
b c
12
The University of Sydney, PhD Thesis (Paper I), Adrianna Rajkumar, 2015.
whole rock composition of eclogite at Gemu Co 
(sample 12GEC16B) over P = 5–24 kbar and T 
= 450–650 °C. Marmo et al. (2002) and Konrad-
Schmolke et al. (2008) have demonstrated the 
importance of evaluating fractionated-corrected 
bulk compositions in affecting the P–T path. 
However, we observed no significant core to 
rim zoning in garnet grains from well-preserved 
eclogite assemblages. Liu et al. (2011) attempted 
to use a fractionated bulk composition for high–P 
metasedimentary assemblages from Rongma Co 
and found there to be an imperceptible difference 
between the pseudosections calculated using the 
fractionated and unfractionated bulk compositions. 
As a result, we chose to model the P–T path 
using an unfractionated bulk composition. Our 
calculations were made using the model system 
Na2O-CaO-K2O-FeO-MgO-Al2O3-SiO2-H2O-
TiO2-O (NCKFMASHTO), the computer 
software THERMOCALC (v.3.33i; release date 
26 October 2009; Powell and Holland, 1988) and 
the internally consistent dataset 5.5 of Holland & 
Powell (1990; November 2003 update). Water is 
considered to have been in excess and quartz is 
stable across all fields. Software, relevant data files 
and supporting documentation can be obtained 
from http://www.metamorph.geo.uni-mainz.de/
thermocalc/. Activity-composition relationships 
for garnet follow White et al. (2007), amphibole 
after Diener et al. (2007), clinopyroxene from 
Green et al. (2007), chlorite from Holland et al. 
(2007), epidote and talc from Holland & Powell 
(1998), plagioclase from Holland & Powell 
(2003). Lawsonite, sphene, quartz and rutile were 
treated as pure end members. 
Mineral equilibria in the calculated 
pseudosection (Fig. 6a) are dominated by 
trivariant and quadravariant fields. Low-T, high-P 
assemblages are dominated by glaucophane 
and omphacite whereas high-T, intermediate 
P assemblages are dominated by hornblende, 
diopside and epidote (see Dale et al., 2005 for 
amphibole nomenclature). Garnet is stable at 
T > 500°C and P > 11 kbar, and omphacite is 
stable over a wide temperatures range at high-P 
conditions. Actinolite and albite are stable at 
greenschist facies (T < 485 °C, P < 10 kbar), and 
a solvus closes the stability of two-amphibole 
equilibria involving glaucophane and hornblende 
at 610 °C and 19 kbar. Ilmenite is stable at P < 11 
kbar. Titanite is stable at intermediate to low-P 
< 15 kbar whereas rutile is stable at P > 10 kbar, 
both being stable over a wide range of temperature 
conditions. 
A prograde path was inferred using the S1 
assemblage inferred for observed inclusions within 
garnet cores along with mineral compositions of 
garnet and omphacite cores from EMP analyses. 
Jadeite content from the core of large omphacite 
inclusions (j(o) = 100*(Na/(Na+Ca)) range from 
37–42. This suggests that omphacite grains with 
the highest jadeite composition (j(o) ~ 42) formed 
at the highest-P conditions. x(grt) = 100*(Fe2+/
Fe2++Mg)) compositions calculated from garnet 
grain cores are x(grt) ~ 92%. By using j(o) and 
x(grt) isopleths calculated on the pseudosection 
(Figs. 6b & c), it is possible to refine P–T estimates 
for the high-P (S1) assemblages at 21–22 kbar and 
490–510 °C. This inferred prograde assemblage 
is best matched with the high-P trivariant field 
involving glaucophane, omphacite, garnet, rutile, 
lawsonite, chlorite and quartz (with excess H2O). 
These correspond well with observed inclusions 
within the garnet grain cores and P–T conditions 
of 19–23 kbar and 475–518 °C for the garnet and 
omphacite cores obtained from thermobarometry.
 The transition to the peak assemblage 
(S2) is marked by the appearance of Ca-Na 
amphibole; requiring decompression coupled 
with increasing T conditions. This is marked on 
Fig. 6a by the arrow moving from the ~ 21 kbar 
and 505 °C through to 15 kbar and 560 °C. Peak 
metamorphic conditions for eclogite at Gemu 
Co (sample 12GEC16B) are best matched with 
the quadravariant field involving barroisitic-
hornblende, omphacite, garnet, rutile, epidote 
and quartz (with H2O) (note yellow stars in 
Fig. 6a). Garnet rim of x(grt) ~ 88%, and lower 
jadeite contents j(o) ~ 34%, together with textural 
observations indicating the intergrowth of garnet 
rims with barroisitic-hornblende provide strong 
support for this result. These correspond well with 
observed inclusions within the garnet grain rims 
and P–T conditions of 15–18 kbar and 538–558 
°C for the garnet and omphacite rims, hornblende 
and phengite obtained from thermobarometry.
The transition from the eclogite to 
greenschist facies passes through the epidote-
amphibolite facies and requires cooling and 
decompression from peak conditions. The 
greenschist assemblage is marked by the trivariant 
field involving glaucophane, actinolite, albite, 
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titanite, chlorite, epidote, quartz (with H2O) and 
occupies the field ranging from 5–8 kbar at 450–
475 °C. The arrow in Fig. 6a shows the inferred 
clockwise P–T path, evolving from a prograde 
high-P S1 assemblage, followed by further heating 
(+ 50 °C) with moderate decompression to peak 
conditions that accompanied the development 
of S2, and then cooling through the epidote-
amphibolite to greenschist facies conditions 
during retrogression. 
7. 40Ar/39Ar Geochronology 
7.1 Method
Two K-white mica-bearing samples from the 
QMB were analysed using the 40Ar/39Ar step 
heating method. The heating schedules and the 
measured quantities of the different argon isotopes 
are listed in Table S2. Apparent age spectrum for 
each sample shows a relatively consistent plateau 
with minimal contamination and argon loss 
(Fig. 7). In the 39Ar/40Ar vs. 36Ar/40Ar York Plot 
the steps characterised by less than 1.5% of 39Ar 
release, which are usually confined to the initial 
and final stages of the step heating experiment, 
were made grey (Figs 7c & d). Samples were 
analysed with particular care as to eliminate 
contamination from the experiment, for example 
undertaking long cleaning period prior to analysis 
as well as during the experiment as necessary, 
as well as an appropriate heating schedule to 
eliminate or identify mixing (Forster & Lister 
2004, 2013). Analytical techniques are provided 
in the supplementary material (see operational 
procedures). 
7.2 Sample selection
White mica from sample 12GEC13A is from a 
medium to fine-grained (50–200 μm) eclogite 
that experienced minimum recrystallization. It 
was taken from the edges of an eclogite pod at 
Gemu Co. It consists of inclusion-rich garnet 
grains, in a matrix of barroisite, minor omphacite, 
epidote, phengite, rutile, and sphene with minor 
chlorite. The high-P assemblage was minimally 
affected by late-stage fluid ingress associated 
with minerals characteristic of the epidote-
amphibolite and greenschist facies retrogression. 
Most phengite grains in this sample are part of the 
S2 assemblage, however some grains cut S2 and 
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thus formed later (Figs. 3a & b).
 Sample 12GEC14B is a medium-grained garnet–
phengite schist with white-mica ranging (50–400 
μm). It has a porphyro-lepidoblastic texture and 
a well-developed foliation defined by phengite 
and garnet-quartz intergrowths (Fig. 3d), which 
poorly preserves a snowball texture (Fig. 3c). 
White-mica (phengite) and quartz constitute 
~50% of the sample. 
7.3 40Ar/39Ar step-heating results 
Apparent age and York plots for samples were 
constructed using the computer program (eArgon). 
Sample 12GEC13A yielded an age spectrum with 
a plateau age of 221.7 ± 1.15 Ma for 96% of the 
39Ar release (MSWD = 2.21; Fig. 7a). 39Ar/40Ar 
vs. 36Ar/40Ar plots (Fig. 7c) show some scatter 
of data, however there is a cluster of points 
consistent with a single gas reservoir. Points in 
grey (Fig. 7c) have been excluded from the best-
fit analysis as they represent the initial and final 
steps of the step-heating data and were not used 
in the calculation of the age in the apparent age 
spectrum. The regression line in the 39Ar/40Ar 
vs. 36Ar/40Ar plots intersects the 36Ar/40Ar axis 
at 0.0034 (Fig. 7c). The apparent age of 221.7 ± 
1.15 Ma is interpreted to reflect a crystallization 
age of white-mica in sample 12GEC13A.
12GEC14B yielded an age spectrum 
characterised by a plateau age of 222.9 ± 0.8 Ma 
for 78% of the 39Ar release (MSWD = 3.56; Fig. 
7b). Plots of 39Ar/40Ar vs. 36Ar/40Ar (Fig. 7d) show 
a small scatter of the data and a cluster of points 
that is consistent with a single gas reservoir. 
The contamination correlates to very low 39Ar 
release during the experiment (marked in grey) 
(Fig. 7d) these points were excluded from the 
best-fit analysis as they represent contamination 
from the initial and final steps of the step-heating 
data and are not used to calculate the plateau in 
the apparent age spectrum. The regression line 
in the plot of 39Ar/40Ar vs. 36Ar/40Ar intersects 
the 36Ar/40Ar axis at 0.0033 (Fig. 7d), which is 
considered atmospheric within uncertainty. The 
steps restricted to the beginning and end of the 
analysis (grey) give a small ‘hump’ in the apparent 
age plots, which could be due to degassing of 
contaminants within the grains. The measured 
age of 222.9 ± 0.84 Ma interpreted to represent 
the age of deformation of the surrounding host 
rocks. These results are consistent with white 
mica ages between 203 and 222 Ma published 
elsewhere for eclogite and garnet–phengite schist 
from Gangma and Gemu Co (Kapp et al., 2000, 
2003; Zhai et al., 2009, 2011a). 
8. Discussion
Our interpretations for the prograde P–T vector of 
the QMB using the pseudosection approach and 
thermobarometry is based on mineral inclusions in 
garnet grain cores and matrix assemblages together 
with relevant calculated mineral composition 
isopleths. Whereas calculated assemblages 
broadly match well with assemblages predicted 
by the modelling, the preservation of some early 
minerals, especially lawsonite, is unlikely in the 
context of the inferred P–T path (Clarke et al., 
2006). Considering the uncertainties involving 
using an unfractionated bulk composition in 
the pseudosection analysis, the results indicate 
that garnet cores (S1) formed at c. 19.5–22 kbar 
and 490–510 °C, further garnet growth having 
accompanied limited heating to c. 560 °C during 
the formation of the S2 assemblages (Figs. 6a & 
b).
 The clockwise P–T path inferred for the 
Qiangtang mafic eclogite has some differences 
with the paths inferred by previous studies (Fig. 
8). Silica content in phengite calculated using 
the Massonne & Schreyer (1989) barometer, and 
pseudosection analysis are consistent with P < 24 
kbar, and we have not found any evidence for the 
UHP conditions proposed by Zhang et al. (2006a, 
b, 2009) such as radial fractures in garnet or talc–
kyanite–coesite bearing assemblages. Such UHP 
conditions remain unconfirmed for high-P rocks 
of the QMB. Temperature estimates for S1 and S2 
assemblages generally overlap with the results of 
previous studies (Kapp et al., 2000; Zhai et al., 
2011; Zhang et al., 2006a, b; Liu et al., 2011; Tang 
et al., 2012). However, this is the first report of 
two distinct metamorphic assemblages preserving 
the change from prograde to peak metamorphic 
conditions. 
The textural setting of phengite in both 
mafic and metasedimentary components of the 
QMB enables an estimate of the minimum age 
for the development of S2 assemblages. The 
re-equilibration of phengitic micas in common 
metamorphic assemblages can be a sluggish 
process (Massonne & Schreyer, 1987) and it can 
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be difficult to tie the growth of observed phengitic 
micas to a specific assemblage. However, the 
Si contents (3.2–3.4 p.f.u., 11O) of phengite in 
the QMB samples together with the common 
occurrence of phengite in the matrix assemblages 
is consistent with white-mica growth throughout 
the prograde, peak, and post-peak metamorphic 
stages. Precise 40Ar/39Ar white mica ages of 
220–223 Ma for both mafic and metasedimentary 
components are consistent with exhumation and 
subsequent deformation having began soon after 
the development of the (high-P) S1 assemblage: 
U–Pb zircon ages (230–237 Ma, Zhai et al., 2011) 
and Lu/Hf garnet ages (223–244 Ma, Pullen et 
al., 2008) indicate a gap of 10–17 Myr between 
the high-P event and the white mica ages. These 
data indicate exhumation rates on the order of 
0.18–0.3 cm/yr. Such slow exhumation rates (< 
0.2 cm yr-1) can explain the elevated temperature 
conditions that accompanied the retrograde path. 
Two tectonic models have been proposed 
for the origin of the QMB. One model suggests 
a south-dipping subduction from the Songpan-
Ganze terrane along the Jinsha suture, underplating 
the Qiangtang terrane during the Early Triassic 
before it was exhumed by detachment faulting 
during the Early Jurassic (Kapp et al., 2000, 2003; 
Pullen et al., 2008). A second model proposes 
that a segment of paleo-Tethys existed between 
the north and south Qiangtang blocks before 
subduction during the Permian. There is little 
evidence to suggest that the Qiangtang terrane 
was a coherent block prior to subduction along the 
Jinsha suture. Paleontological data suggest that 
the QMB represents a distinct boundary between 
the Cathaysian and Gondwanan faunas (Li, 1987; 
Wang & Mu, 1993; Li et al., 1995; Zhang 2001; 
Zhang et al., 2006b). Geochemical differences 
have also been noted between mafic rocks in the 
QMB and those in the Jinsha suture (Zhang et al., 
2006a). Ages for the Songpan-Ganzi turbidites 
(230–203 Ma) (Zhang et al., 2006a) would also 
suggest that subduction along the Jinsha suture 
of the Songpan-Ganzi paleo-Tethyan ocean 
segment was not the source of the 230–244 Ma 
blueschists and eclogites of the QMB (Tang et al., 
2014). Whereas the source of the high-P rocks of 
the QMB remains controversial, there is strong 
evidence for the QMB to have formed as a result 
of subduction of a segment of the paleo-Tethyan 
ocean between the north and south Qiangtang 
blocks. Final exhumation of the sedimentary 
mélange and high-P rocks to the surface most 
likely occurred when the SQB finally collided 
with the NQB at the end of the Triassic in the 
form of sheet stacks (Zhu et al., 2015).
Only three locations preserve evidence 
of high-P metamorphism of the paleo-Tethyan 
ocean in the Tibetan Plateau (see fig. 11 of Yang 
et al., 2009); the QMB, and the Sumdo and 
Pengco eclogites in the central Lhasa terrane. 
P–T constraints and field relationships for the 
QMB from this work and previous studies 
suggest subduction of relatively cold oceanic 
crust to depths of ~ 70 km at around 230–244 Ma, 
before detachment and exhumation of eclogitized 
oceanic crust through a subduction channel 
and its incorporation in accretionary wedge 
sediments. P–T constraints for the Middle Triassic 
Sumdo eclogite reflect its subduction to slightly 
deeper levels of 75 km (24–27 kbar) and higher 
temperature conditions of 650–750 °C at 236–
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SUPPLEMENTARY DATA
Qiangtang Samples
40Ar/39Ar Geochronology analytical 
procedures: 
Samples 12GEC14B, 12GEC13A
Two white mica (phengite) samples have been 
analyzed using the furnace step heating diffusional 
experiments technique at the ANU RSES Argon 
Laboratory (argon.anu.edu.au). Mineral separates 
were done at RSES. Samples were hand chipped 
using the manual splitter and then milled using a 
tungsten carbide mill to attain ~ 300g of crushed 
rock. Sample 12GEC13A was separated using a 
Carpco-Induced roll drum magnetic separator 
followed by heavy liquids to separate most of the 
white micas and then hand picked to purify totally 
(~98%). Sample 12GEC14B was separated using 
a Frantz before being hand picked. White mica 
grains from sample 12GEC13A were sieved to 
collect grain sizes ranging 420–250 μm. Most 
grains that were hand picked showed little to 
minor alteration with a mixture of whole and 
partial grains. Sample 12GEC14B showed at 
least two generations of white mica, one being 
coarser than the other and was thus separated into 
+420 μm and 420–250 μm sets. Only the sample 
with the coarsest grains (+420 μm) was selected 
for analysis. White mica grains from this sample 
show little to no alteration and are mostly whole 
grain with some books. 
 Irradiation of samples for 40Ar/39Ar 
analysis was undertaken at the UC Davis MNRC, 
California, USA. Irradiation was for 6 hours in 
position CF at 1 MWh; Irradiation times are based 
on the potential natural accumulation of radiogenic 
40Ar ratio to the produced 39Ar. A cadmium liner 
was used to minimize interference from thermal 
neutrons. Biotite (GA 1550) has been used as the 
Flux Monitor (Spell & McDougall, 2003). Samples 
and flux monitors were wrapped in aluminium 
for irradiation. Aluminium foil was removed and 
samples were rewrapped in tin for analysis in the 
mass spectrometer, so as to be able to melt the tin 
wrap and pump away the contaminated gases prior 
to the analysis of a sample. Grains were analysed 
using the step-heating method using the furnace 
technique with temperature control monitored via 
a thermocouple at the base of a tantalum crucible 
within a double-vacuum resistance furnace. 
Analysis was done with liquid nitrogen Cold Trap 
to reduce contamination into the line and mass 
spectrometer. 
 The white micas were analysed on a 
VG1200 gas source mass spectrometer with 
sensitivities of approximately 8 x 10-17 mol mV-
1. Machine discrimination was determined and 
used in the data reduction process. Line blanks 
were measured at different temperatures prior to 
analysis and backgrounds measured for every step; 
these were subtracted from final analysis. Samples 
were heated prior to analysis with heating up to 
400° for 5 minutes, then 425°C for 6 minutes, then 
pumped out at 400°C for 6 hours. This is done 
to outgas contaminants at lower temperatures to 
minimize mixing contaminants with radiogenic 
argon released from low retentivity sites into the 
initial analytical steps. This contaminated gas was 
pumped away prior to analysis. 
 White micas were analysed as diffusion 
experiments with 21–23 steps with temperatures 
of the overall schedule rising from 450ºC to 
1450 ºC (Lovera et al., 1989). The furnace was 
decontaminated prior to each sample at 1450 ºC 
for 15 minutes three times. The gases from the 
cleaning process were pumped away and not 
exposed to the extraction line. 
 Flux monitors were analysed using the 
VG1200 Mass Spectrometer, with backgrounds 
subtracted. Special care was taken to pump away 
initial atmospheric argon. Gas released from each 
step is exposed to Zr-Al getters to remove active 
gases for 10 minutes, the purified gas then being 
isotopically analysed in the mass spectrometer. 
40K abundances and decay constants are taken 
from standard values recommended by the IUGS 
subcommission on Geochronology (Steiger and 
Jaeger, 1977). Stated precisions for 40Ar/39Ar ages 
include all uncertainties in the measurement of 
isotope ratios and are quoted at the 1-sigma level. 
The method of asymptotes and limits was used 
in analysis of the data from this study (Forster 
and Lister 2004) due to the complex character of 
the apparent age spectra and the inadequacies of 
traditional plateau methods when mixing ages are 
present. The method of asymptotes and limits has 
been automated using a MacOS eArgon (written 
by G. Lister @ RSES). 
Irradiation times, Flux Monitor, 
Correction Factors: 
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The samples were irradiated at the UC Davis MNRC in California, USA, as CAN ANU #18
Irradiated position CF for 6.0 MWh with cadmium shielding. 
40K abundances and decay constants are taken from Steiger and Jaeger (1977). 
Flux monitor: GA1550 biotite @ 98.5 Ma ± 0.8 Ma (Spell & McDougall 2003) 
Discrimination Factor: (1 amu) 1.00769 with error 0.270%
Lambda K40 5.5430E-10 
Corrections for argon produced by interaction of neutrons with K (using K2SO4) and Ca (using CaF2) 
were made using the following correction factors  (see Tetley et al. 1980): 
(36Ar/37Ar)Ca correction factor 2.44E-04 
(39Ar/37Ar)Ca correction factor 7.36 E-04
(40Ar/39Ar)K correction factor 4.84E-02
(38Ar/39Ar)K correction factor 1.13E-02
Ca/K conversion factor 1.90
List of samples
Sample Lithology Sample 
weight
(mg)
F o i l 
No.
Grains Comment
12GEC14B Garnet-mica schist 8.8  A2  Matrix deformed 
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Abstract
Garnet in UHP mafic eclogite at Tso Morari, NW India, records evidence of multiple growth stages. 
Early prograde growth formed cores with paragonite, ilmenite, actinolite, epidote and quartz inclusions 
that reflect a P–T path moving through 15–24 kbar and 450–550 °C. These initial high-P conditions 
preceded a stage of garnet resorption marked by a step in spessartine content at the core margin, 
best explained by an isothermal pressure increase from c. 24 to 26 kbar. Subsequent UHP conditions 
are recorded by chemically-distinct mantles and narrow rims of pyrope-rich garnet with omphacite, 
talc, rutile and quartz/coesite inclusions reflecting 27–28 kbar and 550–620 °C, modelled using a 
fractionated rock composition. The two growth stages have distinct REE compositions: grain cores 
have a pattern of element enrichment increasing with atomic mass, whereas grain mantle/rims are 
marked by MREE enrichment and depleted HREE content. SHRIMP U–Pb dating of zircon inclusions 
analysed in situ from the UHP garnet rims yield two distinct population of ages: c. 55 Ma and c. 48 
Ma. Zircon in garnet cores has older, mixed ages, reflecting c. 280 Ma protoliths plausibly related to 
the Panjal Traps. Complexity in Early Eocene ages from zircon inclusions in poly-phase garnet are best 
explained by multiple stages of crustal burial. 
Keywords: Tso Morari, UHP metamorphism, Himalaya, petrochronology, in situ zircon.
1. Introduction
Resolving the effects of poly-phase deformation 
and metamorphism in complex metamorphic 
terranes has long been an issue in interpreting their 
geological history (e.g. Brown, 2007; Li et al., 
2014). Early metamorphic assemblages and their 
textures are commonly partially to completely 
recrystallized by later events though relics can 
persist under even high-grade conditions (e.g. 
Clarke et al., 2013; Chapman et al., 2015). Being 
a younger and well-preserved orogenic belt, 
the India–Eurasia collision has played a role 
central to our understanding of the outcome of 
continental plate convergence (e.g. Honegger et 
al., 1982; Searle et al., 1997, 1998, 2001; Steck 
et al., 1998; Sachan et al., 1999). The main 
effects of the continental collisional are arguably 
best preserved in Oligo-Miocene Barrovian-type 
metamorphic rocks forming frontal ranges of the 
orogen (e.g. Kohn, 2014), but the occurrence of 
coesite and its eclogite hosts at two locations 
along the NW margin of the exposed Indian plate 
continue to challenge our comprehension of the 
timing and dynamics of the collision. High-P 
to ultra-high-P assemblages in mafic eclogite 
are reported in association with the two coesite 
occurrences at the Kaghan Valley in Northern 
Pakistan (e.g. O’Brien et al., 2001; Kaneko et al., 
2003), and the Tso Morari metamorphic dome in 
Ladakh, NW India (Guillot et al., 1997; Sachan 
et al., 1999, 2004, 2009; de Sigoyer et al., 1997, 
2000, 2004; Mukherjee & Sachan, 2001; Leech 
et al., 2005). They have been attributed to the 
Paleocene/Eocene boundary age subduction of 
the Indian plate based on a variety of isotopic 
dating techniques (de Sigoyer et al., 2000) though 
the data are complex and their interpretation is 
controversial (Searle, 2001; Donaldson et al., 
2013).
Zoning in major elements within the 
minerals forming metamorphic rocks can record 
aspects of their dynamic history, which can in 
turn be used to interpret their tectonic evolution 
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Fig. 1. Simplified geological map of the Tso Morari metamorphic complex in Ladakh, northwest India, showing 
locations of eclogite samples used in study. Modified after St-Onge et al. (2013), Epard & Steck (2008), and Thakur 
(1981).
(e.g. Marmo et al., 2002). Mineral rare earth 
element (REE) contents can also be used to trace 
reaction history and textural development for 
cases insensitive to major element chemistry 
(Clarke et al., 2007; Konrad-Schmolke et al., 
2008). Care needs be exercised for the effects of 
any elemental fractionation in grain cores for both 
major and trace elements as the effective rock 
composition can evolve during metamorphism, 
plausibly inhibiting or enhancing phase stability 
(Marmo et al., 2002; Konrad-Schmolke et 
al., 2008). Due to the comparatively slow 
diffusion of most common elements in its crystal 
structure (e.g. Carlson, 2006), garnet commonly 
preserves zoning in mineral inclusions, major 
and trace elements, for low to intermediate 
grade metamorphic conditions. When combined 
with its large P–T stability range for common 
crustal rocks, these features mean that chemical 
detail preserved in garnet profiles is commonly 
used to recover dynamic histories in complex 
metamorphic terranes. 
In this paper, we use a combination of 
high-resolution major element mapping and 
point analysis of mineral REE content, together 
with mineral equilibria modelling to interpret a 
polyphase prograde evolution for the Tso Morari 
eclogite. Detail in the major element maps 
indicates two distinct stages of garnet growth, 
with grain cores recording an early high-P stage 
that preceded UHP conditions recorded in grain 
rims (Sachan et al., 1999; St-Onge et al., 2013). 
Zircon inclusions in garnet were analysed in situ 
using the SHRIMP-RG at the Australian National 
University, in an attempt to resolve the timing of 
the garnet growth. Though most zircon inclusions 
give ages that indicate the partial recrystallization 
of c. 280 Ma igneous grains, the presence of 
sparse late Eocene zircon inclusions in UHP 
garnet needs evaluation in terms of multiple late 
Eocene metamorphic events.
2. Geological Setting
The Tso Morari Complex is located in the NW 
Himalaya, in the eastern part of Ladakh (Fig. 
1). It consists of plutonic and metasedimentary 
units belonging to the northern Indian Plate 
(north Himalayan nappes; Steck et al. 1998; 
Steck 2003; Epard and Steck, 2008). The Indus 
Suture zone, which marks the boundary between 
the Indian plate to the south and the Asian plate 
to the north, bounds the northeastern margin of 
the Tso Morari Complex (de Sigoyer et al., 2000; 
Epard and Steck, 2008). Neotethyan Indian shelf 
units of the Zanskar range bound the southern 
margin of the Tso Morari complex (St-Onge et 
al., 2013). It is tectonically overlain by a series 
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of greenschist and amphibolite facies nappes 
with Palaeozoic and Mesozoic protoliths (Epard 
& Steck, 2008). Eclogite and retrogressed 
eclogite occur mostly as boudins and lenses in 
felsic Ordovician orthogneiss (Puga Gneiss) in 
central and north-eastern parts of the dome, and 
as folded dykes in north-western parts of the 
dome (Epard & Steck, 2008). The mafic dyke 
structures have been used to correlate protoliths 
of the eclogite with the Early Permian Panjal 
Traps (de Sigoyer et al., 2004) which yield zircon 
U–Pb age of 289 ± 3 Ma (Shellnut et al., 2011). 
The Puga Gneiss contains a penetrative shallowly 
dipping foliation which envelopes mafic eclogite 
and rare metasedimentary boudins (Guillot et 
al., 1997), and is refolded into the northwest-
trending, doubly plunging antiform that defines 
the Tso Morari metamorphic dome. It preserves 
high-P amphibolite facies assemblages patchily 
retrogressed to greenschist facies assemblages 
and lacks evidence for the UHP stage recorded by 
the mafic eclogite. 
Four stages have been established for 
the geological evolution of the Tso Morari dome 
(de Sigoyer et al., 1997, 2000, 2004; St-Onge 
et al., 2010, 2013; Sachan et al., 2004; Leech 
et al., 2005; Mukherjee et al., 2005; Epard & 
Steck, 2008; this paper): (1) initial prograde 
metamorphism transiting the epidote blueschist 
to lawsonite eclogite facies; which preceded (2) 
the growth of garnet rims at UHP conditions, 
and was followed by its (3) juxtaposition with 
kyanite–staurolite-bearing schists in overlying 
nappes; before (4) its exhumation accompanied 
by the extensive recrystallization of eclogite to 
amphibolite reflecting high-P hydration (Palin et 
al., 2014). 
Ages for these different stages in evolution 
of the Tso Morari dome remain poorly resolved 
between c. 60 and 40 Ma, due to the fine-grained 
(<10 µm) grain size of metamorphic zircon 
inclusions in garnet and an abundance of partially 
recrystallized inherited grains (below). U–Pb 
SHRIMP analyses of zircon separated from the 
Puga Gneiss by Leech et al. (2005) were divided 
into three early Eocene populations between 54 
and 46 Ma: (1) 53.3 ± 0.7 Ma (three analyses; 
MSWD 0.2) being the oldest and attributed to 
the UHP event, (2) 50 ± 0.6 Ma (five analyses; 
MSWD 0.56), and (3) 47.5 ± 0.5 Ma (seven 
analyses; MSWD 1.01) being the youngest and 
attributed to amphibolite facies metamorphism 
that recrystallized eclogite. A three point Lu–Hf 
isochron defined by garnet, omphacite and whole 
rock data collected using multi-collector ICP-
MS by de Sigoyer et al. (2000) gives an age of 
55 ± 12 Ma (MSWD 2.03) attributed to the UHP 
event; another three point Lu–Hf isochron using 
barroisite, garnet and whole rock compositions 
gives an age of 47 ± 11 Ma (MSWD 0.34) 
attributed to the amphibolite facies event. 
U–Pb SHRIMP dating of zircon inclusions 
in eclogitic garnet grain cores by St-Onge et 
al. (2013) gave a maximum age of 58.0 ± 2.2 
Ma (three analyses; MSWD 1.6) attributed to 
high-P prograde metamorphism. The dating of 
zircon grains from the eclogite matrix gave an 
age of 50.8 ± 1.4 Ma (three analyses; MSWD 
0.8) attributed to the UHP event, and Th–Pb 
dating of allanite (two analyses) from the Puga 
Gneiss gave an age of 45.3 ± 1.1 Ma attributed 
to high-P amphibolite facies metamorphism. 
Donaldson et al. (2013) presented 108 laser-
ablation split stream U–Th–Pb/REE analyses of 
zircon grains from two sites at Tso Morari that 
gave ages between 55 and 44 Ma. In the context 
of ages interpreted for UHP metamorphism at the 
Kaghan Valley, Donaldson et al. (2013) interprets 
the resulting age of 46.2 ± 2.6 Ma (see Fig S5; 
MSWD 3.6) from 14 in situ analyses of zircon 
inclusions in garnet rims to the same UHP event. 
This study suffers from the same scarcity of 
sufficient acceptable analyses of metamorphic 
zircon inclusions, but draws attention to plausible 
alternative interpretations of the prograde to UHP 
stages at Tso Morari using in situ zircon analyses 
in the context of textural evidence for multiple 
garnet growth stages.
3. Petrography and Mineral Chemistry
3.1 Analytical Procedure
Point and X-ray mapping analysis of the major 
element composition of the rock-forming 
minerals was completed using polished thin 
sections and a CAMEBAX SX100 electron 
microprobe (EMP) housed at the Australian 
Research Council (ARC) National Key Centre 
for the Geochemical Evolution and Metallogeny 
of Continents (GEMOC), Macquarie University, 
Sydney. Operating conditions involved a 15 kV 
accelerating voltage and a beam current of 20 nA, 
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data being collected on five separate wavelength-
dispersive spectrometers (WDS). Representative 
microprobe analyses are presented in Table S1. 
Maps of 512 by 512 analyses were collected at 
2 micron steps for the major oxides: SiO2, TiO2, 
Al2O3, FeO, MnO, MgO, CaO, Na2O and K2O. 
X-ray counts were converted to oxide weight 
percent and cation proportion using a Bence & 
Albee (1968) matrix correction as described by 
Clarke et al. (2001). Garnet, clinopyroxene, 
amphibole, white-mica and zoisite were analysed 
for trace and rare earth elements polished thick 
sections (c. 100 μm) mounted in an Agilent 7500s 
inductivelycoupled plasma mass spectrometer 
(ICPMS) attached to a New Wave 213nm 
Nd:YAG laser-ablation microprobe (LAM) at 
GEMOC, Macquarie University. Values measured 
for the BCR2 standard were within error of 
published values. Calcium content determined 
by EMP analysis was used as an internal standard 
to normalise trace element data. Typical LAM-
ICPMS operating conditions and data acquisition 
parameters used in this study involved: c. 60 s 
background signal determination prior to ablation; 
c. 100–120 s signal analysis; a 30–50 micron 
beam diameter; 5 Hz repetition rate; and 85–90% 
laser output. The chondrite normalization applied 
to mineral trace element data in this study used 
values from Taylor & McLennan (1985) and were 
completed within the Glitter software (http://
www.glitter-gemoc.com/). See supplementary 
Table 1 for representative EMP and LA-ICPMS 
analyses. 
3.2 Mafic Eclogite
Sample 13TSO1C was collected towards the 
northern edge of the Tso Morari dome (Fig. 1) 
at the same location sampled by St-Onge et al. 
(2013) and Donaldson et al. (2013). Garnet and 
omphacite have granoblastic textures enclosed 
in an amphibole-rich matrix comprising sodic-
calcic to calcic amphibole, paragonite, epidote, 
dolomite, apatite, rutile, titanite and quartz. 
Sample 13TSO8 occurs towards the centre 
of the dome (Fig. 1) and is considerably less 
recrystallized than sample 13TSO1C; rocks from 
this site were also analysed by Donaldson et al. 
(2013). Omphacite and garnet form most of the 
rock with rutile, quartz, phengitic white mica and 
only minor sodic-calcic amphibole (see Figs. S1 
& S2). 
Garnet in both samples is idioblastic, 
ranging between 1–5 mm in diameter. Most 
grains are characterised by an inclusion-rich 
core, enclosed by pale-pink inclusion poor 
rims. Inclusions in the grain cores from sample 
13TS01C (also St-Onge et al., 2013) are epidote, 
sodic-calcic amphibole (taramite), titanite, quartz, 
and calcite whereas garnet rims lack amphibole 
(Figs. 2l & m). Grain rims are comparatively 
inclusion poor, but contain omphacite, rutile, 
quartz, talc, calcite and phengite inclusions (Figs. 
2l & m). The size of the rim varies between the 
two locations: grain cores form c. 55% of the 
garnet radii in sample 13TS01, and almost 80% 
in sample 13TS08 (Fig. 2a–d vs. 2g–j). Garnet 
in sample 13TSO8 is idioblastic and small (0.1–
0.5mm diameter) compared with site 13TS01. 
Most grains have pale-red, inclusion-rich cores 
and colourless inclusion-poor rims. Inclusions 
are sodic-calcic amphibole (taramite), rutile, 
quartz, talc, omphacite and phengite.
3.3 Major Element Chemistry
Maps of major element composition (Fig. 2) 
indicate a sharp boundary between the inclusion-
rich core and inclusion-poor rims of garnet 
grains. Inner cores are enriched in manganese 
and calcium content, with a gradual rimward 
decrease in concentration of these elements 
towards the outer core. Magnesium content is 
low in grain cores, with a positive step at the 
core-rim boundary (Fig. 2l), and then a coupled 
increase in Ca and Mg content toward a thin outer 
rim marked by minor diffusive re-equilibration. 
Ferric iron and stoichiometric calculations 
for garnet follow Droop (1987), and end member 
proportions for representative point analyses 
given in Table S1. Inclusion-rich cores in Sample 
13TS01C are Alm ≈ 46–52, Pyp ≈ 17–18, Grs ≈ 18–
20, and Sps ≈ 6 (variables defined in Table S1). 
Maps of manganese content define a narrow layer 
of higher spessartine content at the outermost 
cores of sample 13TS01 (Fig. 2d, k), reflecting 
a stage garnet resorption between garnet core 
and rim. Outer cores have a subtle rimward 
increase in almandine and pyrope content (Alm 
≈ 60–66, Pyp ≈ 19–20) and lower grossular and 
sepssartine content (Grs ≈ 5–9, Sps < 1) than inner 
cores. Garnet rims are marked by positive steps 
in pyrope and grossular content (Pyp ≈ 27–32, 
Grs ≈ 7–15) that continue to increase toward the 
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Fig. 2. (a–d) Element maps of Mg, Ca, Fe and Mn respectively for sample 13TSO1C1 showing distinct zoning patterns 
in Mg and Ca. (e) Plane light image photomicrograph taken from sample 13TSO1C1 showing idiomorphic, pale-red, 
inclusion-rich garnet cores and relatively inclusion-free, pale-pink garnet rims garnet enveloped by a matrix of omphacite, 
amphibole, rutile, epidote, paragonite and quartz. (f) Plane light image photomicrographs taken from sample 13TSO8A 
showing idiomorphic, pale-pink garnet grains with inclusion-rich cores containing omphacite and quartz, enveloped by a 
matrix of mostly omphacite and quartz with minor amphibole, rutile and phengite. (g–j) Element maps of Mg, Ca, Fe and 
Mn respectively for sample 13TSO8 showing distinct zoning patterns in Mg and Ca. (k) zoomed in image of 2(b) showing 
Mn resorption towards outer core of garnet in sample 13TSO1C1. (l) Element map showing Mg counts to identify talc as 
inclusions just within the inner rim of garnet. (m) Element maps showing Na counts to identify omphacite inclusions within 
the garnet rim. 
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narrow outermost rim. Inclusion-rich cores in 
sample 13TS08 are Alm ≈ 54–59, Pyp ≈ 18–24, 
Grs ≈ 23–30, and Sps ≈ 3–5. The comparatively 
narrow (Fig. 2) inclusion-poor rims are marked 
by lower almandine and increased pyrope content 
(Alm ≈ 52–54, Grs ≈ 12–27, Pyp ≈ 12–24). 
Omphacite has jadeite content ranging 
between 31 and 47; stoichiometry, site 
occupancies and end-member calculations were 
made using the PX-NOM software (Sturm, 2002), 
with nomenclature and end-member proportions 
after Morimoto (1989; Fig. S3a). Omphacite 
inclusions in the garnet rim of sample 13TS01C 
are Jd ≈ 32; matrix omphacite are subtly zoned 
and are Jd ≈ 39–46. Omphacite inclusions in 
garnet rims in sample 13TSO8A are J ≈ 36–40, 
with matrix omphacite being Jd ≈ 31–44. 
Amphibole has three petrographic settings 
for both samples: taramite as inclusions in garnet 
cores, barroisite is abundant in the matrix of 
13TS01C, and late stage winchite. Nomenclature, 
ferric iron content, and site distribution 
calculations follow Leake et al. (1997). Taramite 
has Si content of 5.7–6.4 p.f.u. (23O) Matrix 
amphibole is mostly barroisitic with Si content of 
7.0–7.4 p.f.u. or winchite with ~ 7.5 Si p.f.u. (Fig. 
S3b). 
Paragonite and phengite occur in sample 
13TSO1C1 whereas only phengite was found in 
sample 13TSO8A. Paragonite in garnet cores has 
higher soda contents (XNa = Na/(Na+K) ≈ 95–98) 
than matrix grains (XNa ≈ 83–96) with Si content 
of 2.93–3.14 p.f.u (11O) ranging; paragonite was 
not found in grain rims. There is only limited 
phengite in 13TS01C, occurring as inclusions 
towards the outer rim of garnet with Si p.f.u. 
ranging from 3.24–3.40. Inclusions of phengite in 
garnet rims in sample 13TSO8A have 3.38–3.59 
Si p.f.u. whereas phengite within the rock matrix 
have lower Si contents with Si p.f.u. ranging 
3.41–3.47 (Fig. S3c).
3.4 Trace Element Chemistry
Chondrite-normalised patterns of garnet REE 
content also distinguish grain cores from 
rims (Fig. 3), with both cores and rims also 
distinctively zoned in REE content. Garnet cores 
in sample 13TSO1C1 have patterns that involve 
chondrite normalised REE content increasing 
steadily from Sm to Lu (Fig. 3a). The outer core 
has higher Yb and Lu contents; inner cores have 
similar HREE (Dy to Lu) content whereas HREE 
content in the outer cores subtly increases with 
atomic mass from Dy to Lu. Similar patterns can 
be established in garnet cores in sample 13TS08 
(Fig. 3e), in which grain cores are less enriched 
than in 13TS01C. Garnet rims are distinguished 
from cores in both samples with rims having 
high MREE contents of similar enrichment (Figs. 
3b,& f). Chrondrite-normalised data defines an 
asymmetric bell-shaped pattern peaking on the 
MREE (Sm to Dy) with lower HREE contents 
declining with atomic mass (Dy to Lu). In sample 
13TS01C the HREE content for Dy to Lu shows 
a rimward trend of declining enrichment, though 
this is based on two inner rim analyses with one of 
those partially overlapping with outer rim analyses 
(Fig. 3b). Rim analyses in sample 13TS08 cluster 
more tightly (Fig. 3f). REE content and trends 
for garnet would suggest a distinct change from 
core to rim patterns possibly due to a change in 
reaction history. 
Omphacite has low REE content, 
normalised patterns being similar in the two 
samples (Figs. 3c & g) and defining a concave-
down pattern peaking in the MREE (Sm to Gd), 
and, for sample 13TS01C, a subtle positive 
Eu anomaly and a depleted concave up pattern 
defined by HREE contents for Dy to Lu (Fig. 3c). 
Amphibole has REE contents and normalised 
patterns similar, but less well defined, to 
omphacite (Figs. 3d & h). Zoisite and apatite have 
high LREE contents. 
The HREE enrichment of garnet cores is 
a common feature in prograde growth, reflecting 
its preferential uptake of HREE (e.g. Konrad-
Schmolke et al., 2008). Garnet analyses from 
inner cores mostly have positive Eu anomalies, 
which could be consistent with plagioclase 
consumption at the early stages of garnet growth. 
However, the pattern is inconsistent. Garnet rims 
have neutral or very subtly positive Eu anomalies, 
but the distinct MREE hump is most consistent 
with rim garnet growth having been controlled by 
the consumption of omphacite and/or amphibole. 
The strong correlation between normalised trends 
of matrix omphacite and garnet rims in sample 
13TS01 (Figs. 3b & d), and a distinct trend in 
amphibole (Fig. 3d) is consistent with omphacite 
consumption having been most important in 
garnet rim growth in this sample. The correlation 
is not repeated in sample 13TS08. Garnet growth 
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(inner to outer cores) was accompanied by 
HREE enrichment in both samples, which is not 
usually a common feature in garnet growth in a 
homogeneous medium (e.g. Clarke et al., 2013). 
). This HREE enrichment is consistent with the 
prograde breakdown of a precursor HREE-bearing 
mineral, most likely a phosphate; however, these 
minerals are volumetrically minor and may not 
match the larger volume of growing garnet 
within the sample. The breakdown of a lower-P 
amphibole during prograde metamorphism is 
suggested (Wilke et al., 2015) to have released 
HREE and MREE to then be preferentially taken 
up by garnet mantle regions. 
The depleted HREE content of omphacite 
is consistent with its growth in both samples 
having occurred in the presence of garnet 
(Johnson, 1998). However, enriched HREE 
contents of omphacite in sample 13TS01C would 
suggest growth prior to garnet, possibly controlled 
by plagioclase breakdown based on positive 
Eu anomalies. The absence of a positive Eu 
anomaly together with depleted HREE content in 
omphacite from the 13TSO8 suggests omphacite 
growth after plagioclase breakdown.
Amphibole REE content is low in both 
samples. Normalised patterns in 13TS01C are 
broadly similar across the range of elements, and 
lacking any obvious effect of garnet presence (e.g. 
HREE depletion). Amphibole REE patterns in 
13TS08 mimic that of omphacite, consistent with 
them having been influenced by contemporary 
omphacite and garnet rims. These amphibole 
patterns also reflect the degree of recrystallization: 
extensive amphibole development in 13TS01C 
cuts garnet and omphacite, partially to completely 
pseudomorphing those minerals and probably 
reflecting appreciable fluid ingress, whereas 
limited development of amphibole in 13TS08 
reflects only minor fluid ingress.
4. Mineral Equilibria Modelling
Calculations were made using the model 
system Na2O–CaO–FeO–MgO–Al2O3–SiO2–
H2O–TiO2–O (NCKFMASHTO) and computer 
software THERMOCALC (v.3.33i; release date 
26 October 2009; Powell and Holland, 1988) with 
the internally consistent dataset 5.5 of Holland & 
Powell (1990; November 2003 update). A pure 
H2O fluid phase is considered to be in excess. 
Software, relevant data files and supporting 
documentation can be obtained from http://
www.metamorph.geo.uni-mainz.de/thermocalc/. 
Activity-composition relationships for garnet 
follow White et al. (2007), amphibole from 
Diener et al. (2007), clinopyroxene from Green 
et al. (2007), chlorite from Holland et al. (2007), 
epidote and talc from Holland & Powell (1998), 
plagioclase from Holland & Powell (2003), and 
ilmenite from White et al. (2000). Lawsonite, 
quartz, coesite and rutile were treated as pure 
end-members.
The poly-phase garnet history and 
pronounced element zoning require a means to 
quantify the effects of chemical fractionation in 
the mineral equilibria modelling. Compositions 
used for P–T calculations were determined using 
the X-ray map for sample 13TS08 (see Fig. 2), 
as it enables an easy method to evaluate the role 
of major element fractionation (e.g. Marmo et 
al., 2002). Sample 13TS08 was selected as it has 
minimal effects of hydration and recrystallization, 
unlike 13TS01C. The pronounced element 
zoning and moderate garnet mode in the Tso 
Morari eclogites posits a strong influence on any 
assemblage equilibrating under evolving P–T 
conditions. Element zoning in other minerals is 
limited, and/or their modes low. Two compositions 
were calculated. The first was determined by 
averaging element values across the entire X-ray 
map, considered equivalent to a whole-rock 
composition and applicable to the early high-P 
conditions related to growth of the garnet core. 
The second composition was determined by 
excluding garnet core regions, based on calcium 
content, and a smoothing function applied to 
additionally incorporate smaller inclusions. 
The remainder of the element matrices were re-
averaged to generate a composition appropriate 
to the growth of the garnet rims, evaluating the 
UHP stage. 
4.1 Garnet core
Garnet cores in sample 13TSO1C1 have 
inclusions of ilmenite, epidote, paragonite, sodic-
calcic amphibole, and quartz that can be paired 
with compositional parameters to define P–T 
conditions appropriate to initial garnet growth. 
The assemblage is best represented by a narrow 
divariant field involving garnet, omphacite, 
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Pl Ep Rt Qtz H2O; 5, Gln Act Omp Pl Ep Rt Qtz H2O; 6, Gln Act Omp Ep Rt Qtz H2O; 7, Hbl Act Omp Ep Rt Qtz H2O; 
8, Hbl Di Ep Rt Pl Ilm Qtz H2O; 9, Hbl Di Ep Pl Ilm Qtz H2O; 10, Hbl Grt Di Ep Pl Ilm Qtz H2O; 11, Hbl Act Grt Omp 
Ep Rt Qtz H2O; 12, Gln Act Omp Ep Ilm Rt Lws H2O; 13, Gln Act Grt Omp Ep Ilm Rt Lws H2O; 14,  Gln Act Grt Omp 
Ep Rt Lws H2O; 15, Gln Act Grt Omp Ep Ilm Rt Lws H2O; 16, Hbl Act Grt Omp Ep Rt Lws H2O; 17, Gln Act Grt Omp 
Ilm Rt Lws H2O; 18, Gln Act Grt Omp Rt Lws H2O; 19, Gln Act Grt Omp Rt Ilm Lws H2O; 20, Act Grt Omp Rt Lws Tlc 
H2O; 21; Act Grt Omp Rt Lws Tlc Qtz H2O; 22, Hbl Grt Omp Ep Rt Qtz H2O. (b) Compositional isopleths of x(grt) = 100 
* Fe2+/(Fe2+ + Mg) and z(grt) = 100 * Ca/(Ca + Fe2+ + Mg) in garnet and j(o) = 100 * Na/(Na + Ca) in omphacite for the 
mineral equilibria shown in (a). Shaded red polygon representing P–T conditions and P–T vector of garnet growth from 
inner to outer core from observed EMP analyses. (c) Garnet modal isopleths calculated using the sample bulk composition 
showing a period of garnet resorption from garnet outer core to garnet inner rim. (d) P–T area defined by shaded region, 
where relevant garnet and omphacite compositional isopleths intersect for corresponding garnet inner to outer core regions; 
ic (inner core), oc (outer core). 
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glaucophane, actinolite, epidote, ilmenite, and 
lawsonite, which gives a tight P–T estimate for 
initial garnet growth at 14–15 kbar and 460–470 
°C (Fig. 4a). Lawsonite is not observed, but 
is assumed to have been pseudomorphed by 
paragonite (also St-Onge et al., 2013). Garnet 
inner to outer cores in sample 13TSO8 has rimward 
declines in pyrope, spessartine, and increases 
in almandine and grossular content. Isopleths 
relevant to garnet inner to outer core zoning 
based on microprobe analyses (Fig. 4b) are x(grt) 
= 100*(Fe2+/ Fe2++Mg)=85–85, z(grt) = 100*(Ca/ 
Ca+Fe2++Mg)=30–25. It is conceivable that some 
of the matrix omphacite was contemporary with 
this growth phase, and it has core to rim zoning of 
j(o) = 100*(Na/Na+Ca)=45–43. 
Three P–T vectors can be defined based on this 
isopleth detail, reflecting garnet core growth 
mostly in the quadravariant field of actinolite, 
omphacite, garnet, lawsonite, rutile and quartz 
(Fig. 4a), in the lawsonite eclogite facies. 
Calcium contents represented as z(grt) perhaps 
give the most robust constraint and define a P–T 
vector moving from c. 20 kbar at 500°C to c. 
24 kbar at 550 °C (red arrow, Fig. 4d). Zoning 
in matrix omphacite can be closely matched to 
this vector (green arrow, Fig. 4d), but at subtly 
higher temperature. Temperature estimates for the 
calculated x(grt) values lie at conditions c. 50 °C 
higher that the preferred path based on calcium 
content. This discrepancy probably reflects 
sensitivity of the x(grt) isopleths to choice of 
ferric iron values in the modelling.
The observed positive step in garnet 
manganese content at its outermost core (Fig. 2k) 
is accompanied by a marked decrease in calcium 
content. Manganese resorption by garnet is most 
likely due to partial garnet dissolution (e.g. Kohn 
& Spear, 2000), which can be modelled based on 
garnet mode (Fig. 4c). Manganese from resorbed 
portions will be preferentially accommodated 
within the outermost parts of remaining garnet. 
It is a feature common in corona reaction textures 
developed around garnet grains (e.g. Clarke & 
Powell, 1991). Interrupted garnet growth can 
be best explained by various processes during a 
single metamorphic event including changing 
reaction assemblages, changing mode of reactants 
for garnet growth and the effects element 
fractionation leading to bulk rock depletion 
(Konrad-Schmolke et al., 2008). However, the 
step in manganese content at the outermost core 
corresponds to a core-rim change in major and 
trace element content, and a change in inclusion 
assemblage to talc, rutile, omphacite, and quartz/
coesite. A P–T vector that could account for such 
changes involves an isothermal pressure increase 
from ~ 24 to ~ 28 kbar (Fig. 4c), to reach conditions 
appropriate to talc stability and decreased garnet 
mode. However, falling temperature conditions 
accompanied by increasing pressure could also 
account for the features.
4.2 UHP conditions
The NCKFMASHTO P–T psuedosection 
calculated for the fractionated bulk composition 
(Fig. 5a) displaces the lower limit of garnet-
bearing equilibria to higher P–T conditions and 
enhances titanite stability at low-P over a wide 
range of temperatures. Garnet rims show a sharp 
increase in magnesian content, reflecting of 
growth during a second prograde stage that post-
dated garnet resorption. Coesite has been reported 
from mafic eclogite at the site of sample 13TS01 
(Sachan et al., 2004; Mukerjee et al., 2005; Gouzu 
et al., 2006; Mukherjee & Sachan, 2009). Relevant 
compositional isopleths for inner to outer zoning 
in the garnet rims are x(grt)= 81–66 and z(grt)= 
23–26. Omphacite inclusions in garnet rims have 
subtly zoning from j(o) = 39.5–38.7. Again, a 
preferred P–T vector compatible with garnet rim 
growth accompanying the shift to UHP conditions 
can be defined based on calcium content, moving 
from c. 26 kbar at 540 °C to c. 28 kbar at 600 °C 
(red arrow, Fig. 5c) in the quinivariant assemblage 
field defined by omphacite, garnet, lawsonite, 
rutile and coesite (see Fig. 5b). Again, lawsonite 
is not observed, possibly due to issues related to 
its preservation during relatively hot exhumation 
(e.g. Clarke et al., 2006). Talc is preserved as 
inclusions in the rim and also in small proportions 
in the matrix of sample 13TSO1 but not in 
13TS08C. Omphacite compositions match the 
initial stage of the P–T vector based on z(grt) 
isopleths and inclusion detail (green arrow, Fig. 
5c). A broadly compatible P–T vector can be 
defined based on x(grt) isopleths, but it is again 
displaced to higher temperature conditions (black 
arrow, Fig. 5c). In summary, the combination 
of observed assemblages such as talc and rutile 
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Fig. 5. (a) P–T mineral equilibria modelling calculated in the mafic system NCKFMASHTO with an effective bulk 
composition removing garnet core components for Tso Morari eclogite sample 13TSO8A. Normalised mole proportions 
used in the construction of the equilibria are: SiO2: 53.69; Al2O3: 6.01; CaO: 14.32; MgO: 10.62; FeO: 7.52; Na2O: 3.60; 
TiO2: 3.61; O: 0.45, assuming excess water. Numbered fields are as follows; 1, Gln Act Omp Pl Ep Spn Qtz H2O; 2, Gln 
Act Omp Pl Ep Spn H2O; 3, Gln Hbl Act Omp Pl Ep Spn H2O; 4, Hbl Act Omp Pl Ep Spn H2O; 5, Hbl Act Omp Pl Ep 
Spn Qtz H2O; 6, Hbl Act Di Pl Ep Spn Qtz H2O; 7, Hbl Act Di Pl Spn Qtz H2O; 8, Hbl Di Pl Spn Qtz H2O; 9, Gln Hbl 
Act Omp Ep Spn Qtz H2O; 10, Hbl Act Omp Ep Spn Qtz H2O, 11, Hbl Di Pl Spn Ilm Qtz H2O; 12, Hbl Di Pl Rt Spn Ilm 
Qtz H2O; 13, Hbl Di Spn Qtz H2O; 14, Hbl Omp Rt Spn Qtz H2O; 15, Hbl Omp Ep Rt Pl Qtz H2O; 16, Hbl Grt Di Pl Ep 
Rt Spn Qtz H2O; 17, Hbl Grt Di Pl Ep Rt Qtz H2O; 18, Hbl Act Omp Ep Rt Spn Qtz H2O; 19, Gln Act Omp Ep Rt Spn 
Qtz H2O; 20, Act Omp Ep Rt Spn Qtz H2O; 21, Hbl Omp Ep Rt Spn Qtz H2O; 22, Hbl Act Omp Ep Rt Qtz H2O; 23, Hbl 
Act Grt Omp Ep Rt Qtz H2O; 24, Gln Act Omp Ep Rt Qtz H2O; 25, Gln Act Omp Ep Spn Lws Qtz H2O; 26, Act Omp Ep 
Rt Lws Qtz H2O; 27, Gln Act Omp Rt Spn Lws Qtz H2O; 28, Act Omp Ep Rt Lws Qtz H2O; 29, Act Grt Omp Ep Rt Lws 
Qtz H2O; 30, Hbl Grt Omp Rt Qtz H2O; 31, Hbl Act Grt Omp Rt Qtz H2O; 32, Act Grt Omp Rt Qtz H2O; 33, Act Grt Omp 
Rt Lws Tlc Qtz H2O; 34, Omp Rt Lws Tlc Coe H2O. (b) Compositional isopleths calculated for mineral equilibria shown 
in (a). Shaded red polygon representing P–T conditions and P–T vector of garnet growth from inner to outer rim from 
observed EMP analyses. (c) P–T area for garnet growth during UHP conditions defined by shaded region, where relevant 
garnet and omphacite compositional isopleths intersect for corresponding garnet inner to outer rim regions; ir (inner rim), 
or (outer rim). 
(including coesite) and garnet composition are all 
consistent with UHP conditions being recorded by 
the garnet rims. Conditions assigned to the garnet 
rim assemblages define a P–T step from those 
appropriate to the outer core, extending from ~ 
24 kbar at 550 °C to 28 kbar and 600 °C in the 
coesite-eclogite facies. 
5. In situ Geochronology
U–Th–Pb analysis of zircon separated from mafic 
eclogite was performed on the sensitive high-
resolution ion microprobe (SHRIMP) housed 
at Australian National University. The small 
zircon grains were located on a scanning electron 
microscope (SEM) housed at the Australian 
40
The University of Sydney, PhD Thesis (Paper II), Adrianna Rajkumar, 2015.
U
nc
er
ta
in
ti
es
 r
ep
or
te
d 
at
 2
-σ
 le
ve
l a
nd
 a
re
 c
al
cu
la
te
d 
by
 u
si
ng
 S
Q
U
ID
 2
.2
2.
08
.0
4.
30
, r
ev
. 3
0 
A
pr
 2
00
8.
 C
al
ib
ra
ti
on
 s
ta
nd
ar
d 
S
L
13
: A
ge
 =
 6
20
.9
 M
a,
 20
6 P
b/
23
8 U
 =
 0
.1
01
3,
 
ap
pr
ox
. 7
–1
0 
m
ic
ro
n 
di
am
et
er
 s
po
t, 
6 
sc
an
s.
  
Ta
bl
e 
1.
 U
–P
b 
zi
rc
on
 r
es
ul
ts
 fr
om
 m
afi
c 
ec
lo
gi
te
 s
am
pl
e 
13
T
SO
8 
an
d 
13
T
SO
1C
1
U
nc
or
re
ct
ed
 ra
tio
s
A
ge
s (
M
a)
Sa
m
pl
e 
na
m
e
lo
ca
tio
n
Th
/U
 ra
tio
±
Zr
 (p
pm
)
20
6*
 (p
pm
)
20
4 P
b/
20
6 P
b
±
20
8 P
B
/20
6 P
b
±
23
8 U
/20
6 P
b
±
20
7 P
b/
20
6 P
b
±
4c
. 2
06
Pb
/23
8 P
b
±
7c
. 2
06
Pb
/23
8 P
b
±
B
2-
24
.1
ga
rn
et
 ri
m
0.
00
5
0.
02
5
16
43
2.
3
9.
17
5.
70
E-
03
2.
00
E-
03
0.
37
4
0.
01
8
10
3.
56
3.
70
36
0.
18
54
0.
00
67
56
.2
9
1.
3
51
.1
4
1.
1
B
2-
12
.1
ga
rn
et
 ri
m
0.
07
2
0.
03
3
16
85
3.
8
1.
14
7.
10
E-
04
5.
60
E-
04
0.
08
8
0.
00
8
10
8.
79
4.
88
86
0.
08
14
0.
00
4
58
.3
2
1.
1
56
.4
4
1.
1
B
3-
2-
1
ga
rn
et
 ri
m
0.
01
4
0.
03
4
74
65
.1
14
.0
5
8.
80
E-
03
2.
90
E-
03
0.
16
5
0.
01
8
11
9
8.
53
34
0.
14
33
0.
00
81
46
.3
9
1.
5
47
.3
8
1.
5
B
3-
5-
5
ga
rn
et
 ri
m
0.
00
8
0.
03
9
83
61
7.
57
4.
70
E-
03
5.
60
E-
04
0.
15
8
0.
01
8
12
2.
23
9.
91
97
0.
14
95
0.
00
94
48
.5
6
1.
7
45
.7
3
1.
6
B
3-
42
-7
ga
rn
et
 ri
m
0.
06
0.
03
4
97
95
.7
2.
91
1.
80
E-
03
1.
20
E-
03
0.
21
7
0.
01
7
12
0.
88
3.
63
78
0.
11
82
0.
00
66
51
.5
7
1.
3
48
.3
4
1.
2
C
2-
41
-1
1
ga
rn
et
 ri
m
0.
04
7
0.
09
18
14
.2
17
.6
7
1.
10
E-
02
3.
20
E-
03
0.
28
1
0.
04
8
10
4.
53
4.
60
26
0.
20
4
0.
01
84
50
.5
8
1.
4
49
.2
1
1.
5
B
2-
25
.1
m
at
rix
0.
00
3
0.
04
5
58
48
.6
36
.9
2
2.
30
E-
02
6.
60
E-
03
0.
57
9
0.
04
4
86
.3
8
3.
33
88
0.
33
33
0.
01
32
46
.9
1
1.
4
47
.3
7
1
C
2-
21
-4
m
at
rix
0.
00
8
0.
15
5
58
5.
6
27
.0
3
1.
70
E-
02
1.
10
E-
02
0.
76
1
0.
12
5
69
.5
3
7.
94
97
0.
32
4
0.
03
9
67
.3
3.
5
59
.9
1
3.
5
C
2-
29
-7
m
at
rix
0.
03
8
0.
09
1
13
14
.7
40
.7
5
2.
50
E-
02
3.
10
E-
03
0.
75
0.
07
1
77
.6
8
6.
50
91
0.
36
86
0.
02
62
48
.9
9
1.
7
48
.9
7
2.
2
C
2-
45
-1
0
m
at
rix
0.
06
0.
07
9
13
27
.5
2.
99
1.
90
E-
03
1.
40
E-
03
0.
10
4
0.
02
4
12
4.
52
12
.5
42
1
0.
10
31
0.
02
04
50
.0
3
2.
7
47
.9
1
2.
5
B
2-
13
.1
m
at
rix
0.
03
6
0.
04
5
14
47
5
13
.0
2
8.
10
E-
03
2.
10
E-
03
0.
16
6
0.
01
7
10
6.
09
1.
95
36
0.
12
14
0.
00
46
52
.6
4
0.
6
54
.8
0.
6
C
2-
1.
1
m
at
rix
0.
05
0.
18
27
5.
9
-8
8.
56
-5
.5
0E
-0
2
-5
.3
0E
-0
3
0.
54
8
0.
17
5
10
2.
87
11
.0
87
0.
15
49
0.
03
22
11
7.
1
11
.5
53
.9
6
2.
9
B
1-
13
.2
m
at
rix
0.
12
9
0.
04
93
52
.7
28
.6
5
1.
50
E-
02
3.
40
E-
03
0.
72
7
0.
03
2
10
0.
23
2.
04
74
0.
29
23
0.
00
99
45
.7
3
1.
1
44
.1
6
1
B
1-
12
.1
m
at
rix
1.
40
4
0.
17
9
12
10
2.
9
8.
96
4.
70
E-
03
1.
00
E-
03
1.
00
2
0.
01
9
29
.7
5
0.
77
44
0.
15
65
0.
00
34
19
4.
3
4.
1
18
4.
6
3.
8
B
1-
4.
1
ga
rn
et
 ri
m
1.
21
4
0.
04
6
28
64
6.
3
2.
98
1.
60
E-
03
4.
50
E-
04
0.
62
3
0.
00
9
35
.8
6
0.
97
27
0.
07
12
0.
00
11
17
2.
1
4
17
2.
5
4
B
1-
7.
1
ga
rn
et
 ri
m
2.
19
0.
53
4
57
27
7
0.
31
1.
70
E-
04
5.
60
E-
05
0.
88
3
0.
01
9
42
.7
3
0.
43
14
0.
05
76
0.
00
07
14
8.
6
2.
9
14
7.
5
2.
8
B
1-
7.
2
ga
rn
et
 ri
m
1.
69
9
0.
14
8
40
41
2.
5
0.
57
3.
00
E-
04
3.
10
E-
05
0.
76
1
0.
00
8
37
.1
5
0.
81
72
0.
05
46
0.
00
12
17
0.
2
3.
5
17
0.
1
3.
5
B
1-
6.
1
ga
rn
et
 ri
m
0.
79
6
0.
08
7
16
80
6.
2
7.
25
3.
80
E-
03
1.
10
E-
03
0.
99
8
0.
02
7
10
2.
11
4.
92
08
0.
11
46
0.
00
57
58
.2
9
1.
3
57
.4
8
1.
3
B
1-
24
.1
m
at
rix
0.
58
6
0.
21
5
10
46
2.
3
19
.1
5
1.
00
E-
02
2.
10
E-
03
0.
80
4
0.
02
5
81
.5
2
4.
88
73
0.
16
98
0.
00
44
63
.6
2
1.
7
66
.4
5
1.
8
B
2-
20
.1
m
at
rix
0.
48
9
0.
07
4
11
96
5.
7
8.
92
5.
60
E-
03
2.
00
E-
03
0.
64
4
0.
01
9
53
.3
1.
20
95
0.
19
1
0.
00
53
10
9.
2
1.
5
98
.2
6
1.
3
B
2-
14
.1
ga
rn
et
 ri
m
2.
53
1
0.
12
8
61
42
9.
8
3.
08
1.
90
E-
03
5.
20
E-
04
1.
15
3
0.
03
70
.5
4
0.
99
45
0.
08
75
0.
00
26
87
.9
7
1
86
.2
1
1
B
2-
31
.1
m
at
rix
1.
37
1
0.
05
5
36
47
9.
3
3.
93
2.
50
E-
03
3.
30
E-
04
0.
57
8
0.
02
1
25
.7
8
0.
26
7
0.
08
62
0.
00
15
23
5.
9
2.
5
23
4.
5
2.
4
B
2-
32
.1
m
at
rix
2.
51
0.
09
1
31
31
4.
8
1.
41
8.
80
E-
04
2.
20
E-
04
1.
10
2
0.
01
3
27
.3
3
0.
84
78
0.
06
86
0.
00
14
22
8.
5
3.
3
22
6.
5
3.
2
B
3-
1-
2
ga
rn
et
 ri
m
1.
29
8
0.
20
4
58
85
.2
7.
06
4.
40
E-
03
1.
20
E-
03
0.
93
5
0.
03
2
36
.3
4
0.
58
87
0.
12
53
0.
00
49
16
2.
8
3.
7
15
8.
3
3.
6
B
3-
3-
3
ga
rn
et
 ri
m
1.
10
2
0.
04
7
14
05
8.
3
6.
08
3.
80
E-
03
1.
00
E-
03
1.
00
3
0.
02
49
.2
7
2.
26
04
0.
10
15
0.
00
76
12
1.
7
3.
3
12
0.
9
3.
3
B
3-
4-
4
ga
rn
et
 c
or
e
1.
76
2
0.
23
9
14
48
1.
2
4.
98
3.
10
E-
03
7.
40
E-
04
1.
08
6
0.
08
9
31
.9
1.
03
81
0.
09
51
0.
01
02
18
9.
2
4.
8
18
7.
7
4.
8
B
3-
6-
6
m
at
rix
1.
14
5
0.
34
9
10
70
3.
2
2.
1
1.
30
E-
03
4.
50
E-
04
0.
6
0.
02
38
.7
5
1.
11
21
0.
09
6
0.
00
49
16
0.
8
4
15
4.
6
3.
8
B
3-
34
-9
ga
rn
et
 ri
m
1.
58
1
0.
10
6
12
45
7.
6
5.
14
3.
20
E-
03
3.
70
E-
04
0.
81
7
0.
01
4
25
.0
8
0.
36
14
0.
06
86
0.
00
19
23
9.
3
5.
3
24
6.
5
5.
5
B
3-
30
-1
0
m
at
rix
0.
83
0.
09
4
57
01
.6
13
.1
6
8.
20
E-
03
2.
20
E-
03
0.
93
3
0.
03
4
52
.1
4
1.
53
71
0.
17
62
0.
00
6
10
6.
5
2.
5
10
2.
7
2.
4
41
The University of Sydney, PhD Thesis (Paper II), Adrianna Rajkumar, 2015.
196 ([90Zr16O]+), 204 (204Pb+), 206 (206Pb+), 207 
(207Pb+), 208 (208Pb+), 238 (238U+), 248 ([232Th16O] 
+) and 254 ([238U16O] +) (Muir et al., 1996). The 
U/Pb ratios were calibrated to the Pb/U ratio 
measured for the TEMORA-1 zircon standard, 
which has a known age of c. 417 Ma (Black et 
al., 2003). This was achieved using the empirical 
quadratic relationship between 206Pb+/U+ and 
UO+/U+ (Muir et al., 1996 All data were reduced 
using POXI, an in-house ANU program that 
follows the data reduction methods of SQUID 1. 
The decay constants of Steiger & Jager (1977) 
were utilised (Williams & Claesson, 1987). The 
program Isoplot/Ex version 4.15 (Ludwig, 2003) 
was used to generate Tera–Wasserburg Concordia 
plots and regressed ages with errors reported at 
the 2-σ level (Fig. 6).
In this study 46 in situ zircons were 
centre for Microscopy and Microanalysis 
(ACMM), University of Sydney. Selected parts of 
thin sections were extracted using a micro drill, 
mounted in epoxy with standards then polished 
down to the thin section surface. A 3 nA mass-
filtered primary beam of O2– ions was used to 
sputter secondary ions from the surface of the 
target zircon grain (30-μm-diameter spot size) 
to derive positive secondary ions for isotopic 
measurement (Muir et al., 1996). To account for 
all potential isobaric interferences and resolve Pb 
isotopic ratios, the secondary ion analyser was 
set to a mass resolution of 6500 (Williams & 
Claesson, 1987). During analyses, sensitivity for 
each Pb isotope averaged 20 c/s/ppm (Williams 
& Claesson, 1987). To measure the ion ratios, 
the magnetic field was episodically peak-
stepped through the relevant molecular masses: 
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Fig. 6.(a) Probability density plot of all ages analysed in this study. (b) Probability density plot of 12 analyses having low 
Th/U (<0.07). Ages of peaks as designated. (c,d) Tera–Wasserburg diagram of U–Pb results (uncorrected for common 
Pb) for in situ zircons in mafic eclogite samples. Matrix zircon grains are shown in uncoloured ellipses, zircon grains in 
garnet rims are shown in grey ellipses. Two separate events of high-P–ultra-high-P growth are inferred from in situ zircon 
analyses; an older event at 55.1 ± 0.99 Ma with in MSWD of 1.03 and a younger event at 48.8 ± 1.7 Ma with an MSWD 
of 1.7 Ma. 
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analysed from samples 13TSO8 and 13TSO1C1 
from various textural settings (garnet core, rim 
and matrix).  Of these, nine were rejected for 
having low Zr2O
+ count rates (less than half that 
of the standard).  Many zircon grains were either 
too small for analysis, or the beam appreciably 
missed much of the grain. A further six analyses 
were rejected for having high 207Pb/206Pb content, 
as such data makes the common Pb correction 
strongly influenced by the assumed common Pb 
composition.  A cut off of 0.4 in the 207Pb/206Pb 
ratio was applied, corresponding to a distinct 
break in the data distribution. A further two 
analyses were removed because they had distinct 
heterogeneities in elemental distributions 
suggesting possible mixing. 
The remaining 29 zircons in samples 
13TSO8 and 13TSO1C1 have ages ranging 
from 44 – 247 Ma (Fig. 6a). At least two zircon 
populations can be distinguished based on Th/U 
ratios: (1) metamorphic zircons with Th/U < 
0.07; and (2) ‘typical’ igneous zircons with Th/U 
> 0.07 (e.g. Rubatto et al., 2002; Table 1 and 
Fig. S4). Two zircon grains analysed from garnet 
core regions have 207Pb-corrected 206Pb/238U 
ages of 187.7 ± 4.8 Ma, 170 ± 3.5 M with high 
Th/U ratios (1–2; Table 1) and cannot be used to 
constrain the timing of garnet core growth. On a 
probability density plot, it can be seen that ages 
with low Th/U ratios  (< 0.07) are represented in 
two peaks (Fig. 6b). The younger peak has an age 
of 48.8 ± 1.0 Ma (2σ; n = 8, MSWD = 1.7; Fig. 6b 
& c). Five of the eight zircons in this sample set 
are located in garnet rims suggesting new zircon 
growth at ~ 49 Ma. The older of the peaks has 
four analyses with an age of 55.1 ± 0.99 Ma (2σ; 
n=4, MSWD = 1.03). One analyses from this set 
is from the garnet rim, however its Th/U ratio 
is 0.072 ± 0.033, suggesting that this grain was 
likely inherited from the igneous protolith. 
6. Discussion
Inclusions of sodic–calcic amphibole (taramite), 
quartz, epidote, ilmenite and paragonite are most 
consistent with initial garnet growth in mafic 
eclogite at Tso Morari occurring in the epidote 
blueschist facies at ~ 14–15 kbar at 460 °C. 
This garnet core growth stage accompanied the 
prograde burial of NW India from ~ 46 km to ~ 
73 km and c. 100 °C of heating in the lawsonite-
eclogite facies. Following a period of partial 
garnet resorption, a UHP stage accompanied the 
growth of the garnet rim, omphacite, rutile quartz/
coesite, talc and lawsonite (inferred), indicating 
further burial and heating to 28 kbar and c. 600 
°C in the coesite-eclogite facies. The inferred 
metamorphic path is distinct from that of St-Onge 
et al. (2013), who proposed a continuous growth 
phase from core to rim with an inferred garnet 
growth initiating at P > 20 kbar. If correct, this 
has consequences for the tectonic evolution of 
the Indian margin. Conditions inferred for growth 
of the garnet core reflect an increase of 3.3°C 
km-1, better matched to models for continental 
subduction (e.g. Agard et al., 2009). Growth of 
the garnet rim occurred at hotter conditions. P–T 
conditions of garnet rim growth reflect an increase 
of 7.5°C km-1 indicating a hotter geotherm that 
than accompanying growth of the garnet core.
In situ zircon analyses from all parts 
of minimally recrystallized eclogite give 
ages that span 253 Myr between 280 and 27 
Ma, best explained by the incomplete zircon 
recrystallization of pre-metamorphic grains and 
limited grain growth. Zircon in garnet cores 
commonly has a high Th/U ratio best attributed 
to inheritance from an igneous protolith, and thus 
most analyses cannot be used to date core growth. 
However, one zircon analysed from a garnet core 
by St-Onge et al. (2013) has a low Th/U ratio 
(0.04) with an age of 57.3 ± 1.1 Ma that is taken 
as the best date for core growth. In situ zircon 
from garnet rims analysed in this study have 
207Pb corrected ages ranging from 46 to 57 Ma 
(Figs. 6c & d). These results could be interpreted 
in two ways: (1) two distinct periods of zircon 
growth/recrystallization at HP/UHP conditions, 
one at c. 55 Ma and the other at c. 48 Ma; or (2) 
continuous garnet growth at depths in excess of 
100 km between 55 and 48 Ma. The pronounced 
textural and chemical distinctions between garnet 
core and rim regions are best explained by the 
first option, i.e., two prograde growth periods.  
Lutetium–Hf and Sm–Nd mineral and 
whole rock isochron ages of 55 ± 12 Ma and 55 ± 
7 Ma for mafic eclogite (de Sigoyer et al., 2000) 
have been interpreted to date the UHP event at Tso 
Morari. Interpretations of this data do not address 
the pronounced compositional zoning in garnet 
used in all the analyses, and cannot resolve the 
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Figure 7. Probability density plot of in situ zircon U –Pb 
age data using results drawn from St-Onge et al., 2013; 
Donaldson et al., 2013 and this study calculated using 
the ‘unmixing of ages’ function in ISOPLOT. (a) Two 
component system. (b) three component system. 
different growth stages observed. Recent zircon 
studies focussed on dating grains in situ has resulted 
in proposed ages of 50.8 ± 1.4 Ma (St-Onge et al., 
2013) and 46.2  ± 2.6 Ma (MSWD 3.6; Donaldson 
et al., 2013). The latter study generated a large 
dataset with a broad range of ages, resolved into a 
‘consensus’ result considered contemporary with 
UHP metamorphism at Kaghan Valley, Pakistan 
at c. 46 Ma. However, the interpretation of these 
data remains controversial: the consensus result 
has a high MSWD (3.6; Donaldson et al., 2013), 
suggesting the data is not a single population. 
It is interesting to note that this age distribution 
is not consistent with the proposal by St Onge 
et al. (2013) for keeping the rocks at high P–T 
(see fig. 12, St-Onge, 2013).  The cessation of 
zircon growth is usually associated by a drop in 
temperature. This is perhaps best associated with 
the period of garnet resorption (Figs. 2 & 4c) 
induced by a drop in temperature between the core 
and rim growth stages of garnet. Comparatively 
young (< 47 Ma) age results for zircon in eclogite 
at Tso Morari have all been interpreted to reflect 
amphibolite facies recrystallization (e.g. Leech 
et al., 2005; de Sigoyer et al., 2000). However, 
as these analyses lack any textural constraints 
it is impossible to confidently attribute them to 
specific parts of a poly-phase history.  
Discrepancies linked to a process 
attempting to resolve a single age population for 
ultra-high-P metamorphism at Tso Morari can 
be demonstrated using a probability density plot 
of in situ zircon U–Pb age data for results with 
Th/U < 0.07 (Fig. 7). Data drawn from St-Onge 
et al. (2013), Donaldson et al. (2013) and this 
study were combined and then processed using 
the “un-mixing of ages” function in ISOPLOT. 
Classing the data as lower variance, i.e. using two 
events, gives one at 53.64 ± 1.3 Ma (MSWD  = 
2.7) and another at 45 Ma (MSWD = 2.8) (Fig. 
7a). Classing the data as high variance, i.e. using 
three components, results in sub-populations 
at 56 Ma (MSWD = 1.9), 49 (MSWD = 1.05) 
and 43 Ma (MSWD = 1.6) (Fig. 7b). Though 
ambiguous, these results indicate that the current 
age data should not be treated as coming from 
one geological event, and is consistent with UHP 
metamorphism being as young as c. 43 Ma. 
Three scenarios have been suggested 
to account for the complex age spectra at Tso 
Morari in the context of the geology of the NW 
Indian margin: (1) a 6 Myr pause between UHP 
conditions at Tso Morari (53–51 Ma) and Kaghan 
Valley (47–43 Ma) as a result of a jagged Indian 
continental edge (Leech et al., 2005; Kaneko et 
al., 2003; St–Onge et al., 2013); (2) a single UHP 
event at both Kaghan Valley and Tso Morari at c. 
47 Ma (Donaldson et al., 2013); and (3) separate 
accretion events (Searle, 2001; Aitchison et al., 
2007; Ali & Aitchison, 2014), having an island-
arc prior accrete to India’s northern margin prior 
to collision with Eurasia (Ali & Aitchison, 2014). 
This study indicates that there were two HP/UHP 
events at Tso Morari: an initial event at c. 55 Ma 
and a second event at c. 48 Ma. Data presented are 
consistent with the c. 55 Ma subduction of thinned 
Indian continental crust to high-P conditions with 
an intraoceanic system (e.g. Aitchison & Davis, 
2004; Aitchison et al., 2000), while remaining at 
high-P lawsonite eclogite facies conditions until 
experiencing further burial to UHP conditions at 
c. 48 Ma. 
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Supplementary Figure 1. Representative photomicrographs of samples 13TSO1C1. 
(c)
(a) (b)
(d)
(e) (f)
grt
pg
zo
amp 2
talc
talc
grt
omp
amp 1
qtz
rt
core
grt
400 μm 200 μm
200 μm 100 μm
200 μm 100 μm
48
The University of Sydney, PhD Thesis (Paper II), Adrianna Rajkumar, 2015.
Supplementary Figure 2. Representative photomicrographs of samples 13TSO8. 
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pressure variation in UHP eclogite from Dabie Shan and Tso Morari 
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Abstract
Distinctions in the expansivity and compressibility properties of rock-forming minerals can result in the 
formation and preservation of residual or non-lithostatic pressure within rocks that experienced high 
to ultra-high-P conditions, during either their burial or exhumation. Garnet porphyroblasts and their 
mineral inclusions in eclogite from two well-known ultra-high-P terranes were analysed using Raman 
spectroscopy volume mapping to demonstrate any residual pressure relationship in the rock minerals 
and its relationship to mineral texture. Representative samples were analysed from: (1) Dabie Shan in 
central China, which experienced c. 3.2 GPa and 620 °C; and (2) Tso Morari in Ladakh, north-western 
India which experienced c. 2.8 GPa and 610 °C. Taking into account the pressure and temperature 
dependency of compressibility and expansivity of garnet and quartz, a simple elastic model is used 
together with shifts in measured Raman frequencies to determine metamorphic conditions prevalent at 
the time the inclusion was captured by the host garnet. Host-inclusion relationships from the eclogite 
samples suggests a residual pressure of less than 0.8 GPa is retained by quartz inclusions in garnet 
that did not react to coesite at ultra-high-P conditions. These results are consistent with appreciable 
grain scale pressure variation under lithostatic loads, and such variation needs be considered in the 
application of mineral equilibria modelling to ultra-high-P terranes.  
Keywords: Raman spectroscopy, mineral equilibria modelling, host-inclusion pair, overpressure, 
equation of state, UHPM 
1. Introduction
Dynamic changes in pressure (P) and temperature 
(T) conditions during prograde metamorphism are 
commonly invoked to explain chemically zoned 
minerals and distinctions between inclusions in 
anhydrous minerals such as garnet and those in 
an enclosing matrix (e.g. Marmo et al., 2002; 
Powell et al., 2005). The processes of nucleation 
and diffusion control mineral assemblage 
development during evolving P–T conditions, 
and any re-attainment of equilibrium at new 
conditions (summary after Vernon & Clarke, 
2008, Chapter 1.7). Mineral assemblages may 
reflect parts in disequilibrium at particular P–T 
conditions, such as where mineral inclusions in a 
host grain record part of the prograde history, but 
are not in equilibrium with neocrystallizing matrix 
minerals. Diffusion controls the development of 
equilibrium mineral compositions with volumes 
that depend on temperature, the amount of time 
available, and grainsize. At any given (P–T–X 
condition), different minerals have different 
diffusion rates creating chemical potential 
gradients between two rock domains for certain 
elements; making establishing equilibrium 
difficult to constrain (White et al., 2008). The 
elevated temperature conditions experienced by 
granulite facies assemblages are associated with 
chemically homogenous minerals interpreted to 
reflect chemical equilibration on scale larger than 
their (large) grains due to high rates of diffusion 
and reaction (e.g. Dipple & Ferry, 1992; Spear, 
1993). A consequence of zoned minerals in 
low to intermediate grade rocks is the chemical 
fractionation of the rock due to the sequestration 
of elements constituting inclusions in anhydrous 
porphyroblasts. In a simplistic binary sense, this 
57
The University of Sydney, PhD Thesis (Paper III), Adrianna Rajkumar, 2015.
fractionation is commonly divided into ‘matrix’ 
and ‘inclusion’ domains. 
The recent recognition that structural 
heterogeneities can develop during orogenic 
processes, involving differential and non-
lithostatic pressures in regional metamorphic 
rocks, on scales ranging from the macroscopic to 
grain scale, has led to complexity in the application 
of an equilibrium model for metamorphic rocks 
experiencing lithostatic pressure conditions (e.g. 
Kaus et al., 2009; Schmalholz & Podladchikov, 
2014; Tajcmanova et al., 2014, 2015; Dabrowski 
et al., 2015). Conventional phase equilibria 
diagrams are calculated with the assumptions that a 
given rock volume attained chemical equilibrium. 
The preservation of coesite and diamond 
inclusions in common rock-forming minerals 
from ultra-high-P terranes draws attention to 
alternative scenarios for parameters controlling 
reaction histories in high-P metamorphic rocks. 
Reaction kinetics are controlled by the supply of 
reactants and mechanical relaxation having been 
infinitely fast (Tajcmanova et al., 2014).However, 
chemical diffusion may be fast in comparison 
with the rate of mechanical relaxation (Schmid 
et al., 2009; Tajcmanova et al., 2014), or there 
may be a combination of kinetic (diffusion) 
and mechanical issues determining the extent 
and scale of equilibrium. There is currently 
controversy regarding the existence and/or role of 
pressure variations in a rock and their influence on 
rock reaction history. Differential stress, or non-
lithostatic pressure, may persist in a rock volume 
when a host physically restricts an inclusion 
from participating in metamorphic reactions (e.g. 
Angel et al., 2015), and its effect on pressure 
and temperature is not well understood (e.g. 
Mancktelow, 1993, 1995, 2008; Wheeler, 2014; 
Tajcmanova et al., 2015). 
Raman frequencies (band positions) 
of pure minerals such as quartz and coesite are 
well studied and are shown to be dependent on 
pressure and temperature (Korsakov et al., 2009). 
For minerals that exhibit a solid solution, the band 
positions are also dependent on bond lengths, in 
turn controlled by mineral composition. Due to 
its pure form and commonality, quartz is used as 
a Raman geobarometer (e.g. Enami et al., 2007; 
Korsakov et al., 2009; Endo et al., 2012). The 
maximum metamorphic pressure experienced 
by a terrane can be recorded by quartz or its 
polymorph coesite, most commonly as inclusions 
in a rigid, anhydrous host such as garnet (or 
zircon). Assuming that the host acts as a ‘pressure 
vessel’, where the pressure acting on the inclusion 
deviates from the pressure acting on the host 
after being included, residual pressure (internal 
under- or over-pressure) may be preserved. 
This residual pressure can be quantified by 
documenting spatial dependencies of Raman 
frequencies, specifically for quartz occurring as 
both inclusions and in a rock matrix (e.g. Hemly, 
1987; Parkinson & Katayama, 1999; Enami et 
al., 2007). Any variations can be converted to 
metamorphic pressure estimates by simple elastic 
modelling of a host-inclusion pair (e.g. Perrillat 
et al., 2003; Endo et al., 2012; Kouketsu et al., 
2014). Host-inclusion pairs, such as quartz and 
garnet, have different compressibility and thermal 
expansivity, and will thus follow different volume 
changes on a dynamic P–T path. This is perhaps 
most exaggerated during their ascent from UHP 
conditions (Kouketsu et al., 2014). The pressure 
experienced by an entrapped inclusion may be 
distinct to that of the host due to differences in 
thermal expansivities of the host-inclusion pair. 
Petrographic information (i.e. mineral 
textures, compositions and assemblages) is 
currently the most common method used to 
determine the magnitude of any differential stress 
experienced by a rock during metamorphism 
(Dabrowski et al., 2015) and used to recover a 
partial record of evolving P–T conditions. Coesite 
has been reported from the Dabie-Sulu terrane of 
China (Wang et al., 1993; Zhang & Liou, 1994), 
and the Tso Morari metamorphic dome in NW 
India (Mukherjee & Sachan, 2001; Sachan et al., 
2004; Gouzu et al., 2006). The objective of this 
paper is to use conoscopic Raman spectroscopy 
techniques to examine UHP eclogite samples 
with homogeneous and chemically-zoned garnet 
to determine whether garnet and its inclusions 
preserve any evidence for pressure variations, and 
if so, where significant pressure changes occur in 
the rock textures.
2. Samples
For this study we investigated two samples from 
the ultra-high-P metamorphic terranes of Dabie 
Shan and Tso Morari, which experienced c. 2.8–
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Fig. 1.  Representative thin section micrographs of samples 
DS1 and 13TSO8. (a) Weakly foliated sample DS1 showing 
inclusion-free idioblastic garnet. Quartz and omphacite 
constitute most of the matrix with minor rutile and retrograde 
sodic-calcic amphibole with most of the sample preserving 
the high-pressure assemblage. (b) Sample 13TSO8 showing 
inclusion-rich garnet cores surrounded by a narrow, 
inclusion-poor garnet rim. Inclusions in core include 
quartz, omphacite and rutile. Matrix contains omphacite, 
rutile, phengite, retrograde sodic-calcic amphibole and 
minor quartz. 
3.2 GPa and 600 °C. Garnet in mafic eclogite 
(sample DS1) from Dabie Shan is chemically 
homogeneous. Garnet in mafic eclogite (sample 
13TSO8) from Tso Morari has extensive zoning 
in major element composition, and the effect of 
elemental fractionation was investigated in Paper 
II. The analysis of the major element composition 
of the rock-forming minerals for both samples 
were completed using polished thin sections and 
the CAMEBAX SX100 electron microprobe 
(EMP) housed at the Australian Research Council 
(ARC) National Key Centre for the Geochemical 
Evolution and Metallogeny of Continents 
(GEMOC), Macquarie University, Sydney. 
Operating conditions for the EMP involved 15 kV 
accelerating voltage and a beam current of 20 nA. 
Data were collected on five separate wavelength-
dispersive spectrometers (WDS). Representative 
microprobe analyses are reported in Table S1. 
Ferric iron and stoichiometric calculations for 
garnet follow Droop (1987), and end member 
proportions for representative point analyses are 
given in Table S1. Clinopyroxene in both samples 
is omphacite and end-member calculations were 
made using the PX-NOM software (Sturm, 
2002), with nomenclature, stoichiometry, site 
occupancies and end-member proportions after 
Morimoto (1989; Figs. S2c & d).
2.1 DS1 – UHP mafic eclogite from Dabie Shan 
(Eastern China)
Sample DS1 is an UHP mafic eclogite from 
Xinxian in the western Dabie Shan terrane (Fig. 
S1). Omphacite, garnet, quartz and rutile form 
most of the rock with minor amphibole and 
phengite. Coarse-grained garnet porphyroblasts 
in this sample are idioblastic, mostly inclusion 
free, and range from 1–2 mm in diameter. They 
have minor quartz, rutile, omphacite and apatite 
inclusions (Fig. 1a). The rock matrix is formed 
from omphacite, coesite*(which is no longer 
stable), quartz (most likely metastably persisting 
and rutile, which are inferred to be part of the 
UHP assemblage.
Electron Microprobe analyses of garnet 
traverses reveal that garnet is not strongly zoned 
from core to rim (Fig. S2a). Garnet is Alm ≈ 
54–58, Pyp ≈ 19–20, Grs ≈ 21–25, and Sps ≈ 1 
(variables defined in Table S1). Omphacite is Jd 
≈ 31–47; omphacite inclusions in garnet are Jd ≈ 
27–31 whereas matrix omphacite is subtly zoned 
between Jd ≈ 29–35. 
2.2 13TSO8 – HP–UHP eclogite Tso Morari 
(Ladakh, India)
Sample 13TSO8 is a high-P–ultra-high-P mafic 
eclogite from the Tso Morari metamorphic dome 
in Ladakh, northwest India (fig. 1 Paper II). Details 
of the petrography of the sample are described 
by St-Onge et al. (2013) and Paper II. Omphacite 
and garnet form most of the rock, with minor 
rutile, quartz, phengite, and subordinate sodic-
calcic amphibole (Fig. 1b). Garnet from sample 
13TSO8 is strongly compositionally zoned. It 
is characterised by a large, inclusion-rich pale-
pink core (with quartz inclusions) surrounded by 
narrow, inclusion-poor rim (Table 1 & Fig. S2b). 
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The inclusion-rich cores in sample 13TS08 are 
Alm ≈ 54–59, Pyp ≈ 18–24, Grs ≈ 24–28, and Sps 
≈ 2–3. The comparatively narrow, inclusion-poor 
rims have lower almandine content (Alm ≈ 52–54, 
Grs ≈ 12–27) and higher pyrope content (Pyp ≈ 11–
24). This high magnesium rim is associated with 
ultra-high-P conditions, based on compositionally 
similar garnet rims in nearby samples with talc 
inclusions (Paper II). Omphacite inclusions in 
garnet rims in sample 13TSO8A are Jd ≈ 36–
40, with matrix omphacite being Jd ≈ 31–44. 
The sharp boundary between the outer core and 
rim region of garnet grains in the Tso Morari 
eclogite is associated with a large positive step 
in spessartine content, reflecting a stage of garnet 
resorption (Paper II). In the context of observed 
mineralogical and chemical changes, the core and 
rim regions are interpreted to reflect two distinct 
growth stages.
3. Mineral Equilibria Modelling
Calculations were made using the model system 
Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–
H2O–TiO2–O (NCKFMASHTO) and computer 
software THERMOCALC (v.3.33i; release date 
26 October 2009; Powell and Holland, 1988) with 
the internally consistent dataset 5.5 of Holland & 
Powell (1990; November 2003 update). Water 
(H2O) is considered to be in excess and muscovite 
is stable across all fields. Software, relevant data 
files and supporting documentation can be obtained 
from http://www.metamorph.geo.uni-mainz.de/
thermocalc/. Activity-composition relationships 
for garnet follow (White et al., 2007), amphibole 
(Diener et al., 2007), clinopyroxene (Green et 
al., 2007), chlorite (Holland et al., 2007), epidote 
(Holland & Powell, 1998), plagioclase (Holland 
& Powell, 2003), talc (Holland & Powell, 1998), 
and ilmenite (White et al., 2000), and white mica 
(Coggon and Holland, 2002). Lawsonite, sphene, 
quartz, coesite and rutile are pure end-member 
phases. 
3.1 UHP conditions Dabie Shan
There is no evidence of the prograde history in the 
Dabie Shan sample and it experienced minimal 
retrogression on its return to Earth’s surface. The 
peak metamorphic assemblage is interpreted to 
comprise garnet, omphacite, rutile and quartz or 
coesite. An NCKFMASHTO P–T psuedosection 
for 1.6–3.2 GPa and 400–700 °C calculated 
using an unfractionated bulk composition (taken 
from Liu et al., 2000) is used to constrain the 
peak metamorphic conditions (Fig. 2a). An 
unfractionated bulk composition is used, as there 
is no significant compositional zoning observed 
from core to rim in garnet and omphacite grains.
The inferred peak metamorphic 
assemblage for sample DS1 is best represented 
by the large quinvariant field involving garnet, 
omphacite, phengite, lawsonite, rutile and coesite 
between P = 2.7–3.2 GPa and T = 580–640 °C. 
There is no petrological evidence that hydrous 
phases were stable at peak conditions, and the 
predicted mode for phengite and lawsonite is less 
than 5%. Relevant garnet compositional isopleths 
range x(grt) ~ 72–74 and z(grt) ~ 23–26 (where 
x(grt) = Fe2+/Fe2+ +Mg2+) and z(grt) = Ca2+/Ca2+ 
+Fe2+ +Mg2+). These intersect at 2.8–3.2 GPa and 
610–630 °C in the quinivariant assemblage field 
defined by omphacite, garnet, lawsonite, phengite, 
rutile and coesite.
3.2 UHP conditions Tso Morari
Three metamorphic stages are inferred for the 
Tso Morari eclogite (Paper II). The earliest stage 
is preserved within garnet cores and comprises 
garnet, omphacite, quartz, epidote, sodic-calcic 
amphibole ilmenite, rutile and quartz. The 
second stage is reflected in garnet rim and matrix 
assemblages, comprising garnet, omphacite, 
rutile, lawsonite and quartz or coesite. Talc 
is observed in compositionally similar garnet 
grains from mafic eclogite near to where sample 
13TS08 was collected (Paper II). The effects of a 
third retrograde stage are minimal in this sample 
and represented by minor calcic amphibole and 
phengite. 
An NCKFMASHTO P–T psuedosection 
calculated using a fractionated bulk composition 
(Fig. 2b) is used to estimate peak high-P–ultra-
high-P conditions of 1.6–3.2 GPa and 400–
700 °C. This composition was determined by 
excluding garnet core regions, based on calcium 
content, and a smoothing function applied to 
additionally incorporate smaller inclusions 
(Paper II). The remainder of the element matrices 
were re-averaged to generate a composition 
considered appropriate to the growth of the garnet 
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Fig. 2. (a) P–T mineral equilibria modelling calculated in the mafic system NCKFMASHTO for the Dabie Shan eclogite 
component DS1. Normalised mole proportions used in the construction of the equilibria and SiO2: 51.86; Al2O3: 8.74; CaO: 
11.47; MgO: 9.27; FeO: 12.85; K2O: 0.08; Na2O: 3.03; TiO2: 1.73; O: 0.99, assuming excess water. The variance of stability 
fields is shown as shaded colour intensity. Numbered fields are as follows; 1, Gln Act Omp Ms Lws Ilm Ep H2O; 2, Gln 
Act Omp Ms Lws Ep H2O; 3, Gln Act Grt Ms Lws Ep H2O; 4, Gln Act Omp Ms Lws H2O; 5, Gln Act Omp Grt Ms Lws Ep 
H2O; 6, Gln Act Grt Ms Lws Ep Qtz H2O; 7, Gln Act Omp Grt Ms Ep Qtz H2O; 8, Gln Act Omp Grt Ms Lws Ep Qtz H2O; 
9, Hbl Omp Grt Ms Ep Rt Qtz H2O; 10, Hbl Omp Grt Ms Rt Qtz H2O; 11, Gln Omp Grt Ms Lws Ep Rt Qtz H2O; 12; Gln 
Omp Grt Ms Lws Rt Qtz H2O; 13, Omp Grt Ms Lws Ep Rt Qtz H2O; 14, Gln Act Omp Grt Ms Lws Tlc Rt Qtz H2O; 15, 
Gln Omp Grt Ms Lws Tlc Rt Qtz H2O; 16, Gln Act Omp Grt Ms Lws Tlc Rt H2O; 17, Gln Omp Grt Ms Lws Tlc Rt H2O. 
Compositional isopleths calculated: x(grt) = 100*Fe2+/(Fe2+ + Mg) ~ 72–74 and z(grt) = 100*Ca/(Ca+Fe2++Mg) ~ 23–26 
in garnet and j(o) = 100*Na/(Na+Ca) in omphacite. Area shaded in orange indicates P–T conditions of peak garnet growth 
using observed EMP analyses. (b) P–T mineral equilibria modelling calculated in the mafic system NCKFMASHTO for a 
fractionated Tso Morari eclogite component sample 13TSO8A. Normalised mole proportions used in the construction of 
the equilibria are: SiO2: 53.69; Al2O3: 6.01; CaO: 14.32; MgO: 10.62; FeO: 7.52; Na2O: 3.60; TiO2: 3.61; O: 0.45, assuming 
excess water.  The variance of stability fields is shown as shaded colour intensity. Numbered fields are as follows; 1, Gln 
Act Omp Sph Lws Rt Qtz H2O; 2, Act Omp Sph Lws Rt Qtz H2O; 3, Act Omp Sph Lws Ep Rt Qtz H2O; 4, Act Omp Lws 
Ep Rt Qtz H2O; 5, Act Omp Ep Rt Qtz H2O; 6, Gln Act Omp Ep Rt Qtz H2O; 7, Gln Act Omp Grt Ep Rt Qtz H2O; 8, Hbl 
Omp Grt Ep Rt Qtz H2O; 9, Hbl Omp Grt Rt Qtz H2O; 10, Act Omp Grt Tlc Rt Lws Qtz H2O: 11, Omp Tlc Rt Lws Coe 
H2O. Compositional isopleths calculated for a fractionated bulk composition for prograde assemblage for x(grt) ~ 70, z(grt) 
~ 23–25 in garnet and j(o) ~ 45 in omphacite. Area shaded in red indicates P–T conditions estimated from garnet rim growth 
using observed EMP analyses.
rims. The peak metamorphic assemblage inferred 
for sample 13TSO8 is represented by the large 
quinivariant field involving garnet, omphacite, 
lawsonite, rutile and coesite at P = 2.8–3.2 
GPa and T = 590–640 °C. Relevant garnet rim 
compositional isopleths are x(grt) ~ 78 and z(grt) 
~ 23. These values intersect at ~ 2.95 GPa and 
~ 600 °C in the quinivariant assemblage field 
defined by omphacite, garnet, lawsonite, rutile 
and coesite (Fig. 2b) 
 Although the pseudosection modelling 
predicts a metamorphic assemblage involving 
garnet, omphacite, rutile, coesite, talc and 
lawsonite, talc and lawsonite are not observed in 
garnet rims in sample 13TSO8. Talc is observed 
in similar nearby samples (13TSO1C, Paper II) 
and lawsonite absence could be due to subtle 
whole rock chemical variations, or alternatively 
fluid-saturated conditions were not present at 
peak metamorphism, which considerably reduces 
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Fig. 3. (a) Representative Raman spectra of quartz inclusion in fractured garnet with highest Raman peak shift from Dabie 
Shan eclogite (blue line) and standard α–quartz (from Enami, 2007) at ambient conditions (black line). (b) Coesite Raman 
spectra found in garnet with micrograph from Dabie Shan (c) Representative Raman spectra of quartz inclusion in garnet 
from Tso Morari eclogite. Spectra taken from white dot in cross section. (d) Volume map of inclusion rich garnet from Tso 
Morari eclogite. Cross-section represents a slice through the volume map from which spectrum was acquired. 
lawsonite stability in P–T space (e.g. Palin et 
al., 2014). The mode of lawsonite is extremely 
low (< 5%) and its preservation requires specific 
conditions (e.g. Clarke et al., 2006).
4. Raman Spectroscopy 
4.1 Analytical Procedures
Laser Raman Spectra were recorded from 100 
to 1200 cm -1 using a Renishaw Raman inVia 
Reflex Microscope (Renishaw plc, Wotton-under-
Edge, UK), equipped with an air-cooled charge-
coupled device camera, housed at the Vibrational 
Spectroscopy Core Facility at the University 
of Sydney. The spectrometer is fitted with 
holographic notch filters and two gratings (1200 
mm per line (visible), 2400 mm per line (near
infrared)). Room temperature was maintained 
at 22 ± 1 °C. Sample excitation was achieved 
using an Argon ion laser (Modu-Laser, UT, USA) 
emitting at 514.5 nm. A 50x objective was used 
to focus the laser spot of ~ 2 nm in diameter on 
samples. Daily calibration of the wavenumber 
axis is required and is achieved by recording the 
Raman spectrum of silicon (one accumulation, 10 
s) for both static and extended modes. If necessary, 
an offset correction is performed to ensure that 
the position of the silicon band is 520.50 ± 0.10 
cm-1. Spectra were not corrected for instrument 
response. The spectrometer was controlled using a 
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Fig. 4. Frequency shifts of the 464 cm-1 and 206 cm-1 
vibrational modes of quartz measured using Raman 
spectroscopy compared with α–quartz standard (from 
Enami, 2007).
PC with instrument control software (Renishaw 
WiRE 2.0 Service Pack 9).
4.2 Raman barometry on quartz inclusions
Volume maps of garnet with inclusions from 
two eclogite samples (13TSO8 and DS1) were 
analysed to determine the location and peak 
shifts of α-quartz at atmospheric pressure and 
room temperature. Raman peaks shift to a higher 
frequency with increasing pressure, however, the 
scale of the frequency shift is distinct for each 
peak and is also pressure dependent (Schmidt 
& Ziemann, 2000; Enami, 2007, 2012). The 
residual pressure retained by quartz inclusions 
can be determined as a function of the difference 
between the frequency shifts of the measured 
grain and quartz standard (taken from Schmidt 
& Ziemann, 2000), at room temperature and 
atmospheric pressure. Pure quartz (standard) has 
Raman bands located at 464, 206, and 128 cm-1 
(Etchepere et al., 1974; Schmidt & Ziemann, 
2000; Enami, 2007). Care was taken to select 
spectra that showed interference of host garnet 
spectrum on the quartz inclusion spectrum 
(Emani, 2012). 
Representative Raman spectra of 
monocrystalline quartz inclusions in garnet and 
matrix quartz of Dabie Shan and Tso Morari 
eclogite are presented in Figure 3. Results reveal 
that quartz inclusions in garnet from the Dabie 
Shan eclogite have greater frequency shifts than 
quartz inclusions in garnet in the Tso Morari 
eclogite (Fig. 4). Quartz inclusions in garnet from 
Dabie Shan eclogite show a measurable upshift 
of the main quartz Raman bands (467–468 cm-1) 
when compared with that of matrix quartz. There 
is no appreciable distinction between the Raman 
band responses of quartz inclusions in garnet and 
that of the matrix quartz in the Tso Morari eclogite 
sample. The maximum upshift revealed by quartz 
inclusions from Tso Morari eclogite is up to 465.6 
cm-1 (Fig. 4). However, these values are higher 
than those for ambient pressure conditions. Using 
the quadratic function for the 464 cm-1 mode 
(after Schmidt & Ziemann, 2000), evaluating the 
relationship between pressure (P) and frequency 
shift (cm-1), residual pressures of 0.39 ± 0.06 GPa 
and 0.14 ± 0.03 GPa are calculated for Dabie Shan 
and Tso Morari quartz inclusions, respectively. 
Systematic deviation may be partly due to 
differences in spectra recording, peak fitting, and/
or background correction procedures (Schmidt & 
Ziemann, 2000).
4.3 Elastic Modelling 
Residual pressures retained by quartz inclusions 
entrapped by a garnet host are associated with the 
pressure at the time the inclusion was captured. 
A simple elastic model of Van der Molen (1981), 
which assumes a spherical inclusion in its host, 
is applied in this study. Table 2 summarises host 
and inclusion parameters used in the calculations. 
Applying the peak metamorphic conditions 
estimated for these samples from the mineral 
equilibria modelling calculated above, and the 
equations of Enami et al. (2007) and Carlson 
et al. (2009), pressures of 1.2–0.84 at 630 °C 
and 0.43–0.28 GPa at 610 °C, are calculated 
for the Dabie Shan and Tso Morari samples, 
respectively. These results indicate while the 
quartz inclusions do not preserve evidence for the 
peak metamorphic pressures established for either 
terrane, homogenous garnet in eclogite from 
Dabie Shan has higher quartz residual pressures 
and metamorphic pressures than chemically 
zoned garnet in eclogite from Tso Morari.
Mineral Bulk 
modulus 
(GPa) 
Shear modulus 
(GPa) 
Thermal 
expansivity (10-5) 
Quartz 37.8 44 2.38 
Garnet 173.6 95 2.36 
	  
Table 2. Elastic properties of quartz and garnet: Bulk (κ) and 
shear (μ) modulus and thermal expansion (A) parameters 
after Fei, (1995), and Holland & Powell (1990). 
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5. Discussion and Conclusions
5.1 Pseudosection modelling to calculate P–T 
conditions
Pseudosection modelling, involving constructed 
phase diagrams for a given bulk composition, and 
comparing the results with observed assemblages 
and mineral compositions is a robust method 
for recovering peak metamorphic conditions 
experienced by the ultra-high-P eclogites (e.g. 
Štípská & Powell, 2005; Wei et al., 2010). 
Prograde growth zoning recorded in garnet cores 
in mafic eclogite at Tso Morari, where garnet rims 
are interpreted to have formed at ultra-high-P 
conditions. The ultra-high-P stage is characterised 
by the mineral assemblage garnet (rim), 
omphacite, rutile, quartz/coesite, talc, lawsonite 
(inferred) and water, reflecting burial and heating 
to 2.9–3.2 GPa and 600–610 °C in the coesite-
eclogite facies. The Dabie Shan eclogite has the 
assemblage garnet, omphacite, rutile, coesite, 
lawsonite (inferred) and water, also developed in 
the coesite-eclogite facies at P = 3.0–3.2 GPa and 
T = 610–630°C.
Chemically zoned garnet from the 
Tso Morari eclogite is interpreted to reflect a 
large range of P–T conditions. Pseudosection 
modelling in the context of garnet inclusions and 
compositional data is consistent with growth from 
~ 1.6–2.8 GPa in the presence of quartz or coesite 
(Fig. 2b). Garnet cores have quartz inclusions and 
coesite is only reported in grain rim (Sachan et 
al., 2004). In contrast, coesite inclusions in garnet 
in Dabie Shan eclogite are not spatially restricted 
to any growth region as all garnet is inferred to 
have formed or recrystallized at the ultra-high-P 
stage. Peak conditions for both Dabie Shan 
and Tso Morari eclogite are interpreted to have 
reached just over 600 °C. As the reaction rate for 
the transformation of coesite to quartz known 
to be fast at temperatures in excess of 400 °C 
(Mosenfelder & Bohlen, 1997; Perrillat et al., 
2003; 2007), the chances for the preservation of 
coesite is low in the Tso Morari eclogite sample, 
as little time is spent in temperatures in excess of 
400°C, decreasing the chances of garnet growing 
in UHP conditions to trap or include newly 
transformed coesite. 
 
5.2 Residual pressure to determine UHP 
conditions
Evidence for residual pressures is usually best 
preserved in ‘monomineralic’ quartz or coesite, 
and partly inverted coesite inclusions trapped in 
garnet porphyroblasts (Parkinson & Katayama, 
1999; Sobolev et al., 2000; Korsakov et al., 2007, 
2009). Raman shifts in quartz inclusions have 
previously been used to evaluate the effect of 
peak metamorphic pressure on residual pressure 
(e.g. Enami et al., 2007; Korsakov et al., 2009), 
by evaluating the elastic properties of the host-
inclusion pair in response to temperature after 
entrapment (Carlson et al., 2009).  
The P–T conditions at which an inclusion 
is trapped by a host also influences the likelihood 
of ultra-high-P preservation. Inclusions in 
garnet from Dabie Shan eclogite preserve either 
coesite (see Fig. 3b) or quartz, which retain low-
metamorphic pressures of 0.8–1 GPa. These 
results would suggest that most quartz inclusions 
in host garnet were trapped at P–T conditions 
outside of the coesite stability field. Even though 
the Dabie Shan eclogite experienced ultra-
high-P conditions the ‘pressure vessel’ effect has 
presumably restricted the localised (grain scale) 
P–T path of the inclusions to remain outside of the 
coesite stability field, reflecting under-pressure 
compared with the overall P–T path. 
Quartz inclusions from Tso Morari 
eclogite preserve little to no residual pressure, 
despite the rock also having experienced ultra-
high-P conditions. The volume of the rock that 
reflects growth in the coesite stability field, 
i.e. garnet rims, is minor compared with that in 
the Dabie Shan eclogite. Garnet in Tso Morari 
is inclusion-rich, and extensively zoned. For 
the over-pressure to be preserved by a coesite 
inclusion in a ‘pressure vessel’ such as garnet, the 
inclusion needs to be sufficiently far away from 
other inclusions and grain boundary of the host 
(Guiraud & Powell, 2006). Quartz in the matrix 
of both eclogite samples also does not preserve 
any evidence of residual pressure, consistent 
with the interpretation that the rock matrix has 
mechanically equilibrated to atmospheric pressure 
after it was exhumed.  
5.3 Viscous Relaxation
Strain as a consequence of deformation occurring 
after maximum pressure conditions are reached 
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may induce mechanical or viscous relaxation in a 
rock (Mancktelow, 1993; 1995; 2008; Tajcmanova 
et al., 2014, 2015; Dabrowski et al., 2015). 
Alternatively, rocks that experienced extensive 
amphibolitization usually lack clear evidence 
for either high-P or ultra-high-P conditions and 
residual pressures are no longer preserved. A 
good example is the Tso Morari eclogite, where 
minor amphibolitization is observed in the sample 
used for this study, but most eclogite samples 
were extensively amphibolitized (Paper II). The 
eclogite sample from Dabie Shan has little or no 
evidence of amphibolitization, consistent with 
preservation of higher residual pressures. Rock 
and grain-scale heterogeneity can be a controlling 
factor in preserving residual pressures, as pressure 
equilibrium is restored if far field stresses acting 
on the rock are no longer active and also stresses 
accommodated for by deformation structures 
(e.g. Kaus et al., 2009; Schmalholz et al., 2013; 
Dabrowski et al., 2015; Tajcmanova et al., 2015). 
 Significant localised pressure variation 
could also be due to chemical heterogeneity in 
rigid, anhydrous hosts. Garnet from Tso Morari 
preserves evidence of prograde chemical zoning 
and is shown to retain the least residual pressures, 
whereas garnet from Dabie Shan is homogeneous 
and preserves higher residual pressures. Models 
for evaluating residual pressures often use a 
simple elastic model and assume the host garnet 
grain to be a pure end member for which elastic 
properties are well defined. However, naturally 
occurring garnet grains are commonly zoned 
and will thus have differences in bulk and shear 
moduli and thermal expansion coefficients 
(defined in Table 2), not only between host and 
inclusion, but also within grain. Chemically 
zoned garnet will also induce chemical potential 
gradients between compositional domains, 
further affecting the likelihood for preservation of 
coesite. These differences could potentially lead 
to the development of residual pressures during 
burial (prograde) or exhumation (retrograde) 
processes (Cohen & Rosenfeld, 1979; Zhang, 
1998; Guiraud & Powell, 2006; Dabrowski et al., 
2015). 
5.4 Implications
Whereas thorough petrographic analysis together 
with thermobarometric estimates are necessary 
in deciphering the metamorphic history of a 
given terrane, inclusion-host relationship used 
to calculate residual pressures also facilitate 
the understanding of processes related to deep 
continental subduction and exhumation. The P–T 
relationship of the inclusion-host system plays a 
fundamental role in understanding the evolution 
and preservation of ultra-high-P inclusions in 
rigid hosts and the mechanics behind preserving 
evidence for P > 2.5 GPa at Earth’s surface. 
Classical geothermobarometers are important 
and depend on chemical compositions of inferred 
metamorphic assemblages in equilibrium that 
can be easily reset during the retrograde stages of 
metamorphism, making the detection of maximum 
pressure conditions difficult. Several important 
assumptions made in P–V–T experiments include: 
the presence of a uniform isotopic stress acting 
on the host; inclusions entrapped during ultra-
high-P conditions be at the centre of the host; and 
that inclusions be significantly smaller than the 
host. Along with these assumptions, the effects 
of mechanical stress cannot be ignored as garnet 
grains in both samples are cracked, either as a 
consequence of orogeny, or sample preparation, 
further altering the sample. 
Previous studies (e.g. Enami et al., 2007; 
Korsakov et al., 2009; Endo et al., 2012; Kouketsu 
et al., 2014) have demonstrated the use of Raman 
spectrometry as a powerful tool in understanding 
the exhumation history of high-P–ultra-high-P 
metamorphic terranes. However, this study shows 
that temperatures need to be sufficiently low to 
prevent the plastic deformation of garnet, and 
that the sample needs to have very little evidence 
of mechanical ‘alteration’ such as cracks and 
fractures that affect the preservation of residual 
pressures by inclusions in rigid hosts. To resolve 
pressure differences observed in heterogenous 
rocks considerations of a coupled mechano-
chemical approach should be used, as stress and 
chemical diffusion in solid phases are coupled as 
mechanical equilibration can result in pressure 
variations that correspond to chemical variations. 
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Supplementary Figure 1. Simplified geological map of the Qinling-Dabie Mountains, Central China (modified after Wang 
et al., 2010; Li et al., 2009) showing micro-diamond (Wang et al., 2010) and coesite-bearing eclogite localities. Eclogite 
facies unit bearing lenses of garnet-peridotite, jadeite-quartzite and marble. Sample locality for DS1 is starred. 
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Supplementary Figure 2. (a) Representative garnet grains from Dabie Shan eclogite and (b) Tso Morari eclogite showing 
increase in Xpy and a decrease in Xgrs in garnet rim (c) Ternary plot with apices jadeite (NaAlSi2O6), aegirine (NaFe
3+Si2O6) 
and quad (MgCaSi2O6 + FeCaSi2O6) illustrating the composition of omphacite in Dabie Shan and (d) Tso Morari mafic 
eclogite. Clinopyroxene analyses were recalculated following the method of Morimoto (1989).
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Table 1. Representative major (EMP) element compositions of rock forming minerals in mafic eclogite sample DS1 and 
13TSO8.
DS1
Garnet Garnet Garnet Garnet Omphacite Omphacite Omphacite Omphacite Pargasite Barroisite Magnesiohornblende
 core  core rim  rim inc. inc.  core rim
SiO2 37.05 37.80 37.00 37.43 54.60 55.06 55.55 55.81 37.64 49.24 51.15
TiO2 0.05 0.05 0.00 0.07 0.05 0.08 0.06 0.06 0.19 0.18 0.23
Al2O3 20.94 21.35 21.31 21.30 8.30 8.21 8.40 8.65 19.68 9.24 5.7
FeO 28.00 27.07 28.63 26.96 7.15 7.33 7.00 7.13 17.52 14.94 11.48
MnO 0.46 0.42 0.61 0.54 0.00 0.00 0.00 0.00 0.10 0.07 0.06
MgO 4.77 5.13 4.81 5.14 9.06 9.13 8.66 8.69 8.39 13.85 16.89
CaO 8.60 8.81 7.49 8.84 13.93 14.04 13.93 13.66 9.62 5.92 9.9
Na2O 0.00 0.03 0.00 0.00 7.38 6.89 6.84 6.36 4.15 3.63 2.12
K2O 0.01 0.00 0.00 0.00 0.09 0.00 0.00 0.00 0.16 0.15 0.08
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 99.88 100.66 99.85 100.28 100.56 100.74 100.44 100.36 97.45 97.22 97.61
Num. O 12.00 12.00 12.00 12.00 6.00 6.00 6.00 6.00 23.00 23.00 23.00
Si 2.91 2.93 2.91 2.92 1.93 1.95 1.98 1.99 5.55 7.16 7.34
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.02
Al 1.94 1.95 1.98 1.96 0.35 0.34 0.35 0.37 3.42 1.58 0.96
Fe2+ 1.61 1.58 1.68 1.56 0.00 0.00 0.04 0.13 2.16 1.82 1.38
Fe3+ 0.23 0.17 0.20 0.20 0.22 0.22 0.16 0.08 1.19 1.80 1.13
Mn 0.03 0.03 0.04 0.04 0.00 0.00 0.00 0.00 0.01 0.01 0.01
Mg 0.56 0.59 0.56 0.60 0.48 0.48 0.46 0.46 1.84 3.00 3.61
Ca 0.72 0.73 0.62 0.73 0.53 0.53 0.53 0.52 1.52 0.92 1.52
Na 0.00 0.00 0.00 0.00 0.51 0.47 0.47 0.44 1.19 1.02 0.59
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.03 0.01
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 8.00 8.00 8.00 8.00 4.01 4.00 4.00 4.00 15.73 15.03 15.07
Alm 55.24 54.07 57.82 53.39
Pyp 19.15 20.25 19.35 20.41
Grs 24.56 24.74 21.44 24.98
Sps 1.05 0.94 1.39 1.22
x(grt) 0.74 0.73 0.75 0.72
z(grt) 0.25 0.25 0.22 0.25
13TSO8
Garnet Garnet Garnet Garnet Omphacite Omphacite
 core  core rim  rim inc.  core
SiO2 37.28 37.35 37.21 37.66 55.40 54.98
TiO2 0.05 0.11 0.05 0.02 0.03 0.06
Al2O3 21.54 21.34 21.35 21.72 10.32 9.26
FeO 29.84 27.74 28.61 27.67 4.86 4.9
MnO 1.21 1.07 0.33 0.47 0.00 0.01
MgO 3.32 3.26 3.08 5.11 8.63 9.3
CaO 8.55 10.06 10.36 8.39 13.36 14.5
Na2O 0.01 0.02 0.02 0.01 6.80 6.09
K2O 0.00 0.00 0.00 0.00 0.00 0.01
Cr2O3 0.00 0.00 0.00 0.00 0.00 0
Total 101.80 100.95 101.01 101.05 99.4 99.11
Num. O 12.00 12.00 12.00 12.00 6.00 6.00
Si 2.90 2.92 2.91 2.92 1.98 1.98
Ti 0.00 0.01 0.00 0.00 0.00 0.00
Al 1.98 1.97 1.97 1.98 0.44 0.39
Fe2+ 1.74 1.64 1.67 1.61 0.07 0.07
Fe3+ 0.21 0.18 0.20 0.18 0.08 0.08
Mn 0.08 0.07 0.02 0.03 0.00 0.00
Mg 0.39 0.38 0.36 0.59 0.46 0.50
Ca 0.71 0.83 0.86 0.69 0.51 0.56
Na 0.00 0.00 0.00 0.00 0.47 0.43
K 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00
Total 8.00 8.00 8.00 8.00 4.00 4.00
Alm 59.71 56.06 57.40 55.12
Pyp 13.26 12.99 12.33 20.21
Grs 24.28 28.53 29.51 23.61
Sps 2.75 2.42 0.75 1.06
x(grt) 0.82 0.81 0.82 0.73
z(grt) 0.25 0.29 0.30 0.24
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Discussion 
The Himalayan–Tibetan orogen forms Earth’s 
largest continent-continent collisional belt, 
encompassing the Himalayan and Karakoram 
Ranges and the Tibetan Plateau. The geology of 
Tibet comprises a series of continental and oceanic 
crustal fragments, which reflect the accretion of 
Gondwanan and Cathaysian terranes to Laurasia 
following the closure of Paleo-, Meso-, and 
Neotethyan oceans since the Paleozoic (Dewey 
et al., 1988; Hsu et al., 1995; Yin & Harrison, 
2000). The Indian continental block represents 
the largest of the dispersed Gondwanan terranes. 
Its arrival during the Paleocene to Eocene 
resulted in the emergence of Earth’s largest 
and highest plateau bordered to the south by 
the impressive Himalayan-Karakoram range. 
India continues to move northwards into Asia, 
sustaining Earth’s highest peaks: fourteen of the 
Himalayan- Karakoram mountains exceed 8000 
m, and the Tibetan Plateau has an average height 
of 4500 m. These peaks are substantially higher 
than the highest peak in the European Alps, Mont 
Blanc, and generally considered a geological 
analogue to the Himalayan- Karakoram chain. 
The Himalayan–Tibet orogen presents a series 
of unique features and processes intrinsic to 
continental-continent collision.
The Himalayan Range marks the surficial, 
upper-crustal boundary of India’s collision with 
Asia with much of India’s lower crust underthrust 
beneath the Tibetan Plateau. It presents a 
geologically active area to examine the initial 
stages of mountain building. Two general tectonic 
models have been proposed to account for its 
formation: (1) a single orogenic cycle involving 
comparatively rapid subduction of oceanic 
and continental crust to develop ultra-high-P 
eclogite, followed by slowed convergence to 
develop Barrovian-type metamorphic sequences 
(e.g. Kaneko et al., 2003; Leech et al., 2005; 
Donaldson et al., 2013; St-Onge et al., 2013); and 
(2) collision involving multiple orogenic cycles 
with India’s leading edge first colliding with an 
intraoceanic arc during the Paleocene followed by 
a second orogenic cycle relating to the collision 
of India with Asia (e.g. Searle, 2001; Aitchison 
et al., 2000, 2007; Aitchison & Davis, 2004; Ali 
& Aitchison, 2014). An aim of this thesis is to 
recover P–T–t detail from complex metamorphic 
rocks along India’s northern continental edge 
and place their geological histories into the 
geodynamic setting.
The Himalayan Range comprises a complex 
series of metamorphic and sedimentary sequences 
generally divided into the Tethyan, Greater and 
Lesser Himalayan Sequences (Gansser, 1964) 
with each sequence preserving distinct aspects 
of the orogen. Its geological development is 
commonly contrasted with that of the European 
Alps, which perhaps includes more numerous 
studies and a more mature geochronological 
dataset for analysing its plate-boundary history. 
The Tethyan Himalayan sequence largely 
consists of weakly metamorphosed to low-grade 
continental shelf sediments, deposited on India 
before its collision with Asia (Gansser, 1964; 
Gaetani et al., 1983; Searle, 1986). However, 
amongst these low-grade rocks are two high-
grade metamorphic domes that preserve evidence 
of Eocene UHP metamorphism at Kaghan Valley, 
Pakistan (O’Brien et al., 2001; Kaneko et al., 
2003) and Tso Morari, Ladakh(de Sigoyer et al., 
2000; St-Onge et al., 2013). These ultra-high-P 
rocks could be analogous to high-P Eoalpine 
stages of the European orogen (e.g. Dal Piaz et al., 
2003). The Greater Himalayan sequence includes 
upper amphibolite to lower granulite facies 
rocks involving kyanite and sillimanite-bearing 
paragneiss, deformed and metamorphosed in the 
Oligo-Miocene (e.g. Honegger et al., 1982; Searle 
et al., 1983, Kohn, 2014). The Lesser Himalayan 
Sequence is mostly low-grade metasediment, 
commonly greenschist to lower amphibolite 
facies rocks (Gansser, 1964). The Greater and 
Lesser Himalayan Sequences preserve poly-phase 
deformation and metamorphic events related to 
Barrovian type metamorphism, which could be 
considered analogous to the Mesoalpine stages of 
the European orogen (e.g. Duchene et al., 1997; 
Rubatto et al., 2003, 2011; Beltrando et al., 2009). 
Tectonic models ascribed to the formation of the 
Alps can be used in a general way assess the 
dynamic prograde histories of metamorphism in 
the Himalayan–Tibetan orogeny, but there remain 
major differences between the two orogenic belts 
that are poorly understood.  Apart from both 
regions having tremendous mountains, the Alps sit 
at an average elevation of 3000 m compared with 
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a 5000 m average elevation of the Tibetan Plateau 
and eight peaks over 8000 m in the Himalayas. 
Geophysical data suggests that while both regions 
have thick crustal roots, this thick crust is much 
narrower in the Alps than it is in the Himalayan–
Tibetan Region (O’Brien, 2001). The proportion 
of exposed HP–LT metamorphic rocks are higher 
in the Alps when compared with the Himalayas. 
However, the Barrovian overprint observed 
on these earlier HP/UHP coesite*–bearing 
metamorphic rocks related to the subduction of 
continental crust to depths of 100 km, is much 
more widespread in the Himalayas than the 
Alps.  Tectonic models suggest this could be a 
result of a longer period of thermal equilibration 
at shallower levels, post slab detachment in the 
Himalayan region (O’Brien, 2001).
The construction of Tibet 
Permian-Triassic blueschist and eclogite in the 
Qiangtang metamorphic belt (QMB), central 
Tibetan Plateau record low–T/high–P subduction 
processes involving closure of a paleo-Tethyan 
ocean (e.g. Li et al., 1995. 2006; Zhang et al., 
2006a, b; Liu et al., 2011; Zhai et al., 2011a, b). 
Individual eclogite samples record a dynamic 
metamorphic history involving a transition from 
blueschist to low-T eclogite facies followed by 
their recrystallization at high-P amphibolite 
facies. Textural features involving mineral 
inclusions trapped in garnet porphyroblasts in 
mafic eclogite from the QMB preserve an S1 
mineral paragenesis involving glaucophane, 
rutile, chlorite, quartz and epidote inferred to 
be pseudomorphs after lawsonite (Paper I, fig. 
2). These minerals record the early prograde 
blueschist facies conditions no longer preserved 
in eclogite and amphibolite matrices. Fluid ingress 
with prograde heating to c. 560 °C facilitated the 
recrystallization of blueschist assemblages to 
an S2 mineral paragenesis of garnet, omphacite, 
barroisitic-amphibole, phengite, epidote, quartz. 
Classical thermobarometric calculations and 
mineral equilibria modelling in the system 
NCKFMASHTO gives P–T estimates of S1 
conditions as P ≈ 19–22 kbar and T ≈ 490–510 
°C, and S2 of P ≈ 16 kbar and T ≈ 560 °C (Paper 
I, table 1 & fig. 6). Temperature estimates for 
the early-formed assemblages generally overlap 
with the results of previous studies for the mafic 
eclogite in the QMB (Kapp et al., 2000; Zhang 
et al., 2006a; Zhai et al., 2011a,b ; Liu et al., 
2011; Tang et al., 2014). Fe2+/Mg exchange 
thermometers for paired minerals defining S1 and 
S2 are shown to match closely conditions inferred 
by modelling, calculated using an unfractionated 
bulk composition. Mineral inclusion relationships 
presented in Paper I include the first report of two 
distinct metamorphic assemblages that preserve 
evidence for the change from blueschist (S1) to 
eclogite (S2) facies to constrain a clockwise P–T 
path for the QMB (Paper I, fig. 8). 
The construction of Tibet was controlled 
by the successive closure of sections of paleo-
Tethyan oceans during the Mesozoic. Fossil paleo-
Tethyan oceans are documented by ophiolites 
throughout Tibet: the Basong Tso and Zhala 
complex in Lhasa (e.g. Dong et al., 2011; Lin 
et al., 2013; Weller et al., 2015); the Qiangtang 
metamorphic belt (e.g. Li et al., 1995; Zhai et 
al., 2011a,b; Paper I); and the Songpan-Garze 
terrane (e.g. Weller et al., 2013). Early Mesozoic 
metamorphism in these terranes predates India’s 
Cenozoic arrival with Asia. The underthrusting of 
India’s leading margin resulted in the rise of the 
vast Tibetan plateau.
Exhumation of the Qiangtang eclogite in an 
accretionary wedge system
The QMB eclogites were formed at depths c. 70 
km around 230–237 Ma (U–Pb in zircon after 
Zhai et al., 2011a, b), and 223–244 Ma (Lu/Hf in 
garnet after Pullen et al., 2008). 40Ar/39Ar white 
mica apparent ages of 220–223 Ma for both mafic 
and metasedimentary components (Paper I, fig. 
7), and are interpreted to represent the timing of 
delamination of eclogitized oceanic crust into 
accretionary wedge sediments soon after the 
development of an early high-P (S1) assemblage. 
Fluid ingress that facilitated the development 
of S2 is most likely to have originated from the 
surrounding metasedimentary rocks. Exhumation 
rates for the QMB are on the order of ~ 1–3 mm/
yr, and similar to that of the Cyclades; Greece 
(~ 2.6 mm/yr; e.g. Jolivet et al., 2003; Forster & 
Lister, 2005), S. Lustres, Corsica (~ 1–2 mm/yr; 
e.g. Goffe & Chopin, 1986), and Sanbagwa, Japan 
(~ <1 mm/yr; e.g. Ota et al., 2004; Ko et al., 2005). 
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Geodynamic settings for the QMB advocate for 
exhumation of relatively cold eclogitized oceanic 
crust through a subduction channel and its 
incorporation in accretionary wedge sediments.
 High-P blueschist and eclogite facies 
rocks are commonly hosted in weaker, lower 
grade serpentinites or accretionary wedge 
sediments (e.g. Tirrul et al., 1983; Krogh et al., 
1994; Fitzherbert et al., 2005). Tectonic models 
developed to explain the juxtaposition of high-P 
rocks within low-P rocks include: (1) delamination 
and buoyancy driven uplift in serpentinites or 
mud diapirs (Platt, 1986; Anczkiewicz et al., 
2004); or (2) exhumation facilitated by a soft 
matrix allowing high-P rocks to be exhumed 
parallel to the subduction plane (Cloos, 1982). 
P–T constraints and field relationships from mafic 
high-P blueschist and eclogitic pods hosted in a 
metapelitic schist of the QMB can be explained 
in terms of their subduction and exhumation in 
an accretionary wedge. The initial subduction 
of comparatively cool oceanic crust to depths of 
~ 70 km during the Middle Triassic is recorded 
in eclogite garnet grain cores (e.g. Zhai et al., 
2011a), at which stage metasedimentary rocks 
could have been off-scraped from a lower plate to 
form an accretionary wedge. Detachment from a 
down going slab could have returned eclogitized 
oceanic crust through a subduction channel and 
incorporated the uplifted eclogite into lower 
grade accretionary wedge metasedimentary 
material at depths between 40 and 50 km. Such 
conditions are preserved in amphibolitized 
eclogite and  metasedimentary components. 
Metasedimentary garnet–phengite schists of the 
QMB record deeper conditions (20–40 km) than 
most active accretionary wedges (Guilliot et al., 
2009). Though slab break-off is not necessary 
for exhumation, it facilitates the process when 
coupled with the effects of erosion (Agard et al., 
2009). Subduction of the paleo-Tethyan oceanic 
crust reached depths considered just within the 
range necessary for exhumation (~ 60–70 km, 
~ 20–23 kbar) of the QMB (Agard et al., 2009 
and references therein). The 10–15 Myr period 
between reaching its greatest depth and the 
initiation of exhumation of the oceanic crust would 
suggest that exhumation was a discontinuous 
process and blueschists and eclogites were only 
exhumed most likely due to the entrance of a 
buoyant material into subduction wedge (after 
Agard et al., 2009).  The final exhumation of 
the QMB to Earth’s surface most likely occurred 
when the SQB finally collided with the NQB at 
the end of the Triassic in the form of sheet stacks 
(Zhu et al., 2015).
The subduction of India’s continental 
edge
Tectonic reconstructions of the Alpine and 
Himalayan continent-continent orogens 
commonly account for eclogite components as 
being related to early high-P (subduction) stages 
that preceded higher temperature Barrovian-
type metamorphic stages through a progressive 
‘clockwise’ P–T vector (England & Richardson, 
1977; England & Thompson, 1984). Paleocene 
to Eocene ultra-high-P assemblages in poly-
phase high-P and ultra-high-P eclogite from 
Tso Morari in NW India reflects the subduction 
of a thinned Indian margin to depths in excess 
of 80–90 km (e.g. Mukherjee & Sachan, 2001; 
Leech et al., 2005; St-Onge et al., 2013; Paper 
II). Equivalent Cretaceous to Eocene ultra-high-P 
eclogite with poly-phase assemblages occur in 
the Sesia zone in the Italian Western Alps for 
which numerous tectonic models have been 
proposed (e.g. Compagnoni, 1977; Rubie, 1984; 
Rubatto et al., 1999). Mafic eclogite at Tso Morari 
records evidence of poly-phase metamorphism, 
most likely formed by a phase of subduction 
metamorphism that preceded the main Oligo-
Miocene collision witnessed by Barrovian-type 
assemblages in the Lesser and Greater Himalayan 
series (e.g. O’Brien, 2006; Leech et al., 2005; 
Donaldson et al., 2013; St-Onge et al., 2013, 
Paper II).
The P–T path defined for the Tso Morari 
eclogite in Paper II defines an initial period 
of prograde blueschist and eclogite facies 
metamorphism, followed by a period of cooling 
which developed a layer of comparatively 
spessartine-rich garnet at the core-rim interface 
(Paper II, figs. 2, 4, & 5). Ultra-high-P assemblages 
developed in garnet rims thus reflect a second 
metamorphic stage that could correspond to 
the main phase of continent-continent collision 
between India and Asia. Pronounced textural 
and chemical distinctions preserved as mineral 
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inclusion suites and distinguished patterns in trace 
elements between garnet core and rim regions 
are best explained by two prograde growth 
periods (Paper II, figs. 2 & 3). Mineral equilibria 
modelling along with an observed inclusion suite 
of sodic–calcic amphibole (taramite), quartz, 
epidote, ilmenite and paragonite in garnet cores 
reflected initial garnet growth in the epidote 
blueschist facies at ~ 14–15 kbar at 460 °C to ~ 22 
kbar at 550 °C (Paper II, fig. 4). The sequestration 
of elements in mineral assemblages forming 
garnet grain cores requires the calculation of a 
fractionated whole rock composition to interpret 
aspects of equilibrium during the second garnet 
growth stage (Paper II, fig. 5). The ultra-high-P 
stage accompanied the growth of the garnet 
rim, omphacite, rutile quartz/coesite, talc and 
lawsonite (inferred) in the coesite-eclogite facies 
at ~ 28 kbar and c. 600 °C. The metamorphic 
P–T path derived for the Tso Morari eclogite 
in this thesis is distinct to that of St-Onge et al. 
(2013), who proposed a continuous growth phase 
from core to rim with an inferred garnet growth 
initiating at P > 20 kbar. 
In situ U–Pb in zircon analyses in garnet 
from Tso Morari reveal a spread of late Paleocene 
through to Eocene ages ranging from c. 57 to 45 
Ma (Paper III, fig. 6). Garnet cores interpreted to 
have grown at around 57.3 ± 1.1 Ma, are based 
on the analysis of an in situ zircon located within 
a garnet core (St-Onge et al., 2013). An ultra-
high-P garnet rim growth stage from the in situ 
metamorphic of zircon in this thesis is estimated to 
have occurred at c. 48 Ma. Two distinct periods of 
zircon growth/recrystallization at high-P to ultra-
high-P conditions can be proposed by this thesis: 
one at c. 55 Ma and the other at c. 48 Ma to reflect 
chemical and mineral inclusion zoning patterns 
in garnet. The age of zircon grains found within 
spatially restricted garnet grains is interpreted to 
represent the prograde burial of NW India from ~ 
46 km to ~ 73 km during the Paleocene, followed 
by its further to ~ 93 km during the Eocene. 
Consequences of poly-phase metamorphism in 
subduction zones
Tectonic models developed to account for poly-
phase metamorphism in eclogite facies rocks 
along convergent plate margins include: (1) 
a continuous burial cycle recording both the 
eclogite facies metamorphism and the Barrovian 
metamorphic events (e.g. Leech et al., 2005; 
Donaldson et al., 2013), and more recently (2) 
a ‘yo-yo’ style subduction where several burial–
exhumation cycles occur due to switching from 
shortening to extension (e.g. Bruekner, 2006; 
Rubatto et al., 2011). Geothermal gradients 
calculated from a series of points along a 
well constructed P –T–t path could be used to 
tectonically reconstruct the initial subduction 
parameters of the leading Indian continental edge. 
. Using a crustal density of 2790 kg/m3 (Tenzer et 
al., 2015), gives a kilobar-to-kilometer conversion 
ratio (P = pgh) of 3.66 km/kbar. At 14.5 kbar and 
460 °C shows initial continuous garnet growth 
from poly-phase Tso Morari eclogite from 53 km, 
continuing to 22 kbar reaching depths of 80.5 km. 
Following a period of partial garnet resorption, a 
UHP stage accompanied the growth of the garnet 
rim, indicating further burial and heating to 28 
kbar and c. 600 °C reaching approximately 102.4 
km depth. The lack of evidence of decompression 
between these stages of garnet growth suggests that 
there was no switch in convergent dynamics from 
shortening to extension. Manganese resorption 
showed evidence of cooling between the first and 
second growth phase in garnet from ~ 80.5 km 
to ~ 102.4 km (Paper II, Fig. 4 & 5). Geothermal 
gradients calculated using these P–T–depth 
conditions inferred for growth of the garnet core 
reflect a gradient of 3.64 °C km-1 better matched 
to subduction metamorphism (e.g. Agard et al., 
2009). Growth of the garnet rim reflects a lower 
geotherm of 2.74 °C km-1. This is still within the 
range of subduction metamorphism, but the abrupt 
change in geothermal gradients is most consistent 
with distinct tectonic environments for the high-P 
and ultra-high-P stages. These could be explained 
by an initial collision in an intraoceanic arc, where 
thinned Indian continental crust was subducted 
to ~ 80.5 km, followed by a period of tectonic 
quiescence. Subsequent continental collision 
between India and Asia then further buried the 
Indian margin to  ~ 102.4 km, into the coesite-
eclogite facies. 
Complexities associated with the preservation of 
coesite in UHP rocks
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Evidence of coesite and/or microdiamonds at 
Earth’s surface in metamorphic rocks has usually 
led to the prediction that the rock or terrane in 
which it is hosted experienced metamorphic 
conditions in excess of ~ 2.8 GPa (e.g. Okay et 
al., 1989; Sobolev et al., 2000; Chopin 2003; 
Mosenfelder et al., 2005). However, mechanisms 
to explain why and how ultra-high-P minerals 
persist at the surface and have not inverted to low-P 
equivalents are not well understood. Traditionally, 
the idea of a ‘pressure vessel’ protecting a given 
UHP mineral from relaxing at atmospheric 
pressure is generally proposed to account for their 
preservation at the surface (e.g. Chopin, 1984; 
Liou et al., 1997; Parkinson & Katayama, 1999). 
However, the preservation of coesite in rocks that 
have attained ultra-high-P conditions is shown to 
be more complex than a simple ‘pressure vessel’ 
effect (e.g. Perillat et al., 2003; Powell et al., 2005; 
Guiraud & Powell, 2006; Moulas et al., 2013). 
The ‘pressure vessel’ effect usually refers to a 
host-inclusion pair, where a mechanically strong, 
rigid, anhydrous host ‘protects’ the ultra-high-P 
or soon to be ultra-high-P mineral as an inclusion. 
Upon examining residual pressures preserved in 
two representative ultra-high-P eclogite samples 
(Dabie Shan eclogite preserving higher residual 
pressures than Tso Morari eclogite, Paper III, figs. 
3 & 4), that have similar bulk rock composition, 
we can establish factors that may control pressure 
variation within a sample. 
 Factors aimed to explain pressure 
variation at the grain-scale involve a combination 
of mechanical and chemical variation within a 
sample. P–T conditions inferred from modelling 
of ultra-high-P eclogite components from 
Tso Morari and Dabie Shan (Paper III, fig. 2) 
indicate that the volume of rock that reflects 
recrystallization within the coesite-eclogite 
stability field is significantly smaller in Tso Morari 
than it is in Dabie Shan. As the P–T conditions at 
which an inclusion is trapped by a host is shown 
to influence the likelihood of coesite preservation 
(e.g. Guiraud & Powell, 2006), the probability 
of coesite entrapment is most likely linked to the 
volume of rock grown at ultra-high-P conditions. 
Chemical heterogeneities in garnet porphyroblasts 
at Tso Morari will also have different expansivity 
and compressibility properties when contrasted 
with that of a chemically homogeneous garnet at 
Dabie Shan. Distinctions in bulk and shear moduli 
and thermal expansion coefficients (Paper III, 
table 2), not only between host and inclusion, but 
also within a garnet grain are suggested to affect 
the likelihood for the preservation of coesite. 
Viscous or mechanical relaxation through rock 
heterogeneity and deformation structures, for 
example, amphibolization, can also accommodate 
far field stresses and restore pressure equilibrium 
(e.g. Kaus et al., 2009; Schmalholz et al., 2013; 
; Tajcmanova et al., 2014, 2015; Dabrowski 
et al., 2015). In the absence of indicative ultra-
high-P minerals such as coesite, lithostatic loads 
exceeding ~ 80–100 km should not be excluded 
from the interpretation of tectonometamorphic 
histories. Factors when determining the formation 
and preservation of observed pressure variations 
should consider the influence of both chemical 
and mechanical heterogeneities on the outcrop 
and grain scale. 
Conclusions
Key information for constraining P–T–t–d 
(pressure–temperature–time–deformation) paths 
of subducted and buried units are essential for 
understanding the evolution orogens. Blueschist 
and eclogite components of the QMB in central 
Tibet represent the mid–Triassic accretion of 
Cathaysian and Gondwana blocks, now forming 
the Qiangtang terrane, following the subduction 
and exhumation of a paleo-Tethyan ocean, well 
before the India-Asia collision. Well preserved 
S1 and S2 assemblages define a clockwise 
prograde P–T path evolving from ~ 21 kbar and 
~ 500 °C through to ~ 15 kbar and 550 ° C. The 
results were interpreted to represent oceanic crust 
experiencing a low–T/high–P event to depths 
of ~ 70 km before heating to shallower levels 
related to its incorporation into an accretionary 
wedge. Psuedosection modelling using an 
unfractionated bulk composition accounts for the 
observed mineral assemblages identified for the 
two consecutive stages. The closure of a paleo-
Tethyan ocean in the central Qiangtang terranes 
played an important role in the evolution and 
construction of Tibet.
 Poly-phase mafic eclogite from Tso Morari 
revealed at least two prograde metamorphic 
events: a high-P and an ultra-high-P stage. The 
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first stage documents garnet growth from ~ 14–
15 kbar at 460 °C to ~ 22 kbar at 550 °C, which 
is interpreted to represent the arrival of India’s 
leading continental margin at an intraoceanic 
island arc during the late Paleocene or Early 
Eocene at c. 55 Ma. A second stage documents 
garnet growth from ~ 28 kbar and c. 600 °C. This 
study describes evidence for cooling between two 
garnet growth stages, suggesting that collision was 
not continuous. The second stage of garnet growth 
accompanied ultra-high-P metamorphism, when 
India’s continental margin was further buried to 
depths of ~ 90 km during the middle to late Eocene. 
The development of the ultra-high-P stage seems 
best attributed to the main collision of India to 
Asia. However, more in situ zircon data is needed 
before any tectonic models can be suggested with 
certainty. The resulting P–T–t vector for high-P 
to ultra-high-P eclogite at Tso Morari provides a 
metamorphic and temporal context to proprose 
a geodynamic model regarding the Paleocene-
Eocene tectonometamorphic evolution of India’s 
leading margin. 
 Pressures that develop as a result of 
subduction related processes usually acompanies 
the growth and preservation of ultra-high-P 
minerals, such as coesite in rocks that have 
been exhumed to the surface. In addition to 
subduction induced pressures, factors involving: 
(1) expansivity and compressibility properties of 
host-inclusion pairs and chemically heterogeneous 
hosts; (2) grain size and mineral heterogeneity, 
(3) residence time at ultra-high-P conditions, and 
(4) mechanical relaxation during exhumation, can 
all influence the likelihood for the preservation 
of ultra-high-P minerals in high-grade terranes. 
Whereas a P–T path inferred using the chemical 
composition of a rock may suggest that all or part 
of the rock equilibrated at ultra-high-P conditions; 
mechanical and volumetric changes not evaluated 
in P–T modelling should be considered when 
matching petrographic interpretations with 
psuedosection analysis in making assertions about 
a given rock’s metamorphic history. Petrographic 
interpretations with psuedosection analysis may 
record differential stresses that are transient 
in a rock’s history. Continued equilibration of 
exhumed ultra-high-P terranes to atmospheric 
pressure may suggest that petrographic evidence 
of these transient pressures may be erased.  
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Appendix II
Representative electron microprobe data
86
The University of Sydney, PhD Thesis, Adrianna Rajkumar, 2015.
G
M
C
12
01
H
G
M
C
12
01
I
G
M
C
12
01
H
G
ar
ne
t
co
re
co
re
co
re
co
re
co
re
co
re
co
re
co
re
co
re
co
re
co
re
rim
rim
rim
rim
rim
rim
rim
c1
–4
c1
–5
c1
–1
0
c1
–2
2
c2
–2
5
c2
–2
7
c2
–5
c3
–3
c3
–4
c3
–9
c3
–1
0
c1
–6
c1
–7
c1
–8
c1
–2
1
c2
–2
7
c2
–2
4
c2
–2
8
Si
O
2
37
.6
0
37
.7
1
38
.0
3
38
.0
1
38
.0
0
38
.0
0
37
.6
9
38
.3
8
38
.1
2
37
.8
7
37
.8
5
38
.1
4
38
.4
5
38
.3
2
38
.0
1
38
.2
7
38
.3
4
38
.0
1
Ti
O
2
0.
29
0.
23
0.
18
0.
08
0.
21
0.
31
0.
27
0.
16
0.
16
0.
33
0.
22
0.
20
0.
16
0.
22
0.
17
0.
11
0.
18
0.
24
A
l 2O
3
19
.9
4
20
.3
2
20
.6
4
20
.6
6
20
.4
2
20
.2
0
19
.6
3
20
.4
5
20
.3
1
20
.5
1
20
.3
3
20
.7
6
20
.7
8
20
.8
9
20
.7
2
20
.8
1
20
.9
8
20
.5
5
Fe
O
23
.0
2
28
.2
6
27
.2
0
28
.5
4
27
.3
6
25
.7
8
23
.5
5
27
.4
1
28
.3
8
26
.8
7
26
.9
4
27
.4
1
28
.2
2
28
.5
6
28
.1
7
27
.9
5
27
.1
8
28
.2
4
M
nO
6.
07
1.
32
0.
56
0.
56
2.
19
3.
36
8.
28
0.
56
0.
76
0.
85
0.
72
0.
46
0.
57
0.
18
0.
41
0.
50
0.
46
1.
14
M
gO
0.
38
0.
62
0.
93
1.
00
0.
80
0.
49
0.
37
1.
21
0.
81
0.
66
0.
73
1.
24
1.
22
1.
52
1.
31
1.
41
1.
39
0.
76
C
aO
12
.2
7
11
.9
2
12
.5
6
11
.4
1
11
.4
7
12
.4
6
10
.3
9
11
.9
9
12
.0
4
13
.3
4
13
.4
7
12
.2
8
11
.7
3
11
.0
5
11
.3
0
11
.7
5
12
.2
5
11
.8
8
N
a 2
O
0.
02
0.
01
0.
01
0.
02
0.
03
0.
01
0.
01
0.
03
0.
03
0.
04
0.
02
0.
01
0.
01
0.
02
0.
01
0.
02
0.
03
0.
02
K
2O
0.
01
0.
01
0.
00
0.
01
0.
01
0.
01
0.
00
0.
01
0.
00
0.
01
0.
00
0.
00
0.
00
0.
01
0.
01
0.
00
0.
00
0.
00
To
ta
l
99
.6
1
10
0.
40
10
0.
13
10
0.
29
10
0.
49
10
0.
62
10
0.
20
10
0.
19
10
0.
61
10
0.
47
10
0.
27
10
0.
50
10
1.
14
10
0.
78
10
0.
12
10
0.
84
10
0.
81
10
0.
84
N
o.
 O
 
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
Si
3.
03
3.
01
3.
02
3.
02
3.
03
3.
03
3.
04
3.
04
3.
03
3.
01
3.
01
3.
02
3.
03
3.
02
3.
02
3.
02
3.
02
3.
02
Ti
0.
02
0.
01
0.
01
0.
00
0.
01
0.
02
0.
02
0.
01
0.
01
0.
02
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
A
l
1.
89
1.
91
1.
94
1.
94
1.
92
1.
90
1.
87
1.
91
1.
90
1.
92
1.
91
1.
94
1.
93
1.
94
1.
94
1.
94
1.
95
1.
92
Fe
1.
55
1.
89
1.
81
1.
90
1.
82
1.
72
1.
59
1.
82
1.
89
1.
79
1.
79
1.
81
1.
86
1.
88
1.
87
1.
84
1.
79
1.
87
M
n
0.
41
0.
09
0.
04
0.
04
0.
15
0.
23
0.
57
0.
04
0.
05
0.
06
0.
05
0.
03
0.
04
0.
01
0.
03
0.
03
0.
03
0.
08
M
g
0.
05
0.
07
0.
11
0.
12
0.
10
0.
06
0.
04
0.
14
0.
10
0.
08
0.
09
0.
15
0.
14
0.
18
0.
16
0.
17
0.
16
0.
09
C
a
1.
06
1.
02
1.
07
0.
97
0.
98
1.
06
0.
90
1.
02
1.
03
1.
14
1.
15
1.
04
0.
99
0.
93
0.
96
0.
99
1.
03
1.
01
N
a
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
K
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
To
ta
l
8.
01
8.
02
8.
00
8.
00
8.
00
8.
01
8.
01
7.
99
8.
01
8.
01
8.
02
8.
00
8.
00
7.
99
8.
00
8.
01
8.
00
8.
01
G
M
C
12
01
H
G
M
C
12
01
I
G
M
C
12
01
H
C
lin
op
yr
ox
en
e
A
m
ph
ib
ol
e
c1
–1
5
c1
–1
6
c1
–1
8
c1
–1
9
c1
–1
c3
–5
c2
–9
c1
–1
1
c1
–1
7
c2
–1
c2
–2
c2
–3
c2
–1
1
c2
–1
3
c2
–1
4
c2
–1
6
c2
–1
9
c1
–1
5
Si
O
2
55
.6
7
55
.7
1
56
.5
2
55
.5
4
52
.1
3
52
.7
7
55
.9
4
50
.0
4
50
.2
6
53
.8
5
51
.0
4
51
.6
6
51
.6
6
55
.0
0
52
.7
4
47
.6
2
51
.7
6
55
.6
7
Ti
O
2
0.
00
0.
09
0.
05
0.
01
0.
08
0.
00
0.
00
0.
18
0.
06
0.
08
0.
15
0.
16
0.
16
0.
01
0.
06
0.
11
0.
17
0.
00
A
l 2O
3
0.
73
9.
63
9.
88
1.
33
5.
45
1.
68
2.
21
9.
24
7.
24
6.
05
8.
52
8.
07
8.
07
1.
45
3.
67
7.
97
7.
63
0.
73
Fe
O
13
.9
6
7.
45
6.
27
15
.1
8
14
.5
7
21
.3
7
13
.8
0
15
.3
1
19
.1
0
13
.7
5
14
.3
5
14
.6
2
14
.6
2
14
.9
3
15
.3
0
19
.4
1
13
.5
2
13
.9
6
M
nO
0.
04
0.
03
0.
02
0.
04
1.
10
0.
21
0.
02
0.
05
0.
21
0.
01
0.
09
0.
08
0.
08
0.
07
0.
19
0.
26
0.
02
0.
04
M
gO
15
.1
5
6.
94
7.
50
14
.4
0
13
.2
5
10
.3
2
15
.0
5
11
.2
7
9.
22
12
.9
2
11
.7
8
12
.2
7
12
.2
7
14
.5
3
12
.6
7
9.
57
12
.8
6
15
.1
5
C
aO
12
.0
6
13
.3
1
13
.6
0
11
.7
2
10
.8
3
11
.3
6
11
.1
4
9.
29
10
.8
1
8.
95
9.
00
8.
68
8.
68
11
.4
9
10
.2
4
11
.4
6
9.
24
12
.0
6
N
a 2
O
0.
37
6.
86
6.
97
0.
45
0.
97
0.
39
0.
95
1.
82
0.
90
1.
77
1.
97
2.
05
2.
05
0.
31
0.
78
0.
69
2.
17
0.
37
K
2O
0.
06
0.
00
0.
01
0.
04
0.
05
0.
06
0.
07
0.
31
0.
23
0.
14
0.
23
0.
20
0.
20
0.
05
0.
13
0.
24
0.
23
0.
06
To
ta
l
98
.0
4
10
0.
02
10
0.
81
98
.7
2
98
.4
3
98
.1
7
99
.1
8
97
.5
0
98
.0
3
97
.5
4
97
.1
2
97
.7
8
97
.7
8
97
.8
4
95
.7
9
97
.3
2
97
.5
9
98
.0
4
N
o.
 O
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
Si
2.
08
2.
01
2.
01
2.
07
1.
96
2.
05
2.
06
7.
27
7.
41
7.
71
7.
39
7.
43
7.
43
7.
93
7.
79
7.
14
7.
44
7.
99
Ti
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
02
0.
01
0.
01
0.
02
0.
02
0.
02
0.
00
0.
01
0.
01
0.
02
0.
00
A
l
0.
03
0.
41
0.
42
0.
06
0.
24
0.
08
0.
10
1.
58
1.
26
1.
02
1.
45
1.
37
1.
37
0.
25
0.
64
1.
41
1.
29
0.
12
Fe
0.
44
0.
23
0.
19
0.
46
0.
69
0.
43
1.
86
2.
36
1.
65
1.
74
1.
76
1.
76
1.
80
1.
89
2.
44
1.
63
1.
68
M
n
0.
00
0.
00
0.
00
0.
00
0.
03
0.
01
0.
00
0.
01
0.
03
0.
00
0.
01
0.
01
0.
01
0.
01
0.
02
0.
03
0.
00
0.
00
M
g
0.
85
0.
37
0.
40
0.
80
0.
74
0.
60
0.
83
2.
44
2.
03
2.
76
2.
54
2.
63
2.
63
3.
12
2.
79
2.
14
2.
76
3.
24
C
a
0.
48
0.
52
0.
52
0.
47
0.
44
0.
47
0.
44
1.
45
1.
71
1.
37
1.
40
1.
34
1.
34
1.
78
1.
62
1.
84
1.
42
1.
85
N
a
0.
03
0.
48
0.
48
0.
03
0.
07
0.
03
0.
07
0.
51
0.
26
0.
49
0.
55
0.
57
0.
57
0.
09
0.
22
0.
20
0.
61
0.
10
K
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
06
0.
04
0.
03
0.
04
0.
04
0.
04
0.
01
0.
02
0.
05
0.
04
0.
01
To
ta
l
3.
91
4.
02
4.
02
3.
44
3.
95
3.
93
3.
92
15
.2
0
15
.1
0
15
.0
3
15
.1
5
15
.1
7
15
.1
7
14
.9
9
15
.0
1
15
.2
6
15
.2
1
15
.0
0
87
The University of Sydney, PhD Thesis, Adrianna Rajkumar, 2015.
G
M
C
12
01
H
G
M
C
12
01
I
G
M
C
12
01
H
G
M
C
12
01
I
G
M
C
12
01
I
G
M
C
12
01
I
Pl
ag
io
cl
as
e
Ep
id
ot
e
G
ar
ne
t
A
m
ph
ib
ol
e
rim
rim
rim
rim
rim
c1
–1
3
c2
–2
6
c3
–1
5
c3
–1
6
c3
–1
7
c1
–9
c1
–2
0
c3
–7
c3
–1
2
c2
–2
c2
–6
c3
–1
c3
–2
c3
–8
c1
–1
c3
–5
c2
–9
Si
O
2
69
.4
6
63
.2
6
66
.7
8
69
.0
2
61
.5
4
39
.0
4
38
.8
5
38
.4
2
38
.8
2
37
.6
9
37
.8
6
38
.1
9
38
.2
1
37
.9
3
52
.1
3
52
.7
7
55
.9
4
Ti
O
2
0.
00
0.
01
0.
00
0.
01
0.
04
0.
50
0.
13
0.
17
0.
47
0.
18
0.
22
0.
16
0.
15
0.
18
0.
08
0.
00
0.
00
A
l 2O
3
19
.4
2
21
.6
3
16
.5
8
18
.7
0
12
.3
4
29
.3
4
26
.4
7
25
.5
7
28
.5
8
20
.3
6
20
.3
2
20
.5
1
20
.4
5
20
.4
9
5.
45
1.
68
2.
21
Fe
O
0.
08
0.
73
2.
34
0.
70
8.
76
4.
23
7.
78
8.
25
4.
42
29
.2
2
27
.2
8
28
.5
9
27
.8
5
27
.9
0
14
.5
7
21
.3
7
13
.8
0
M
nO
0.
00
0.
01
0.
03
0.
01
0.
11
0.
15
0.
03
0.
05
0.
13
1.
75
1.
09
0.
42
0.
44
0.
37
1.
10
0.
21
0.
02
M
gO
0.
00
0.
22
1.
86
0.
42
4.
52
0.
06
0.
03
0.
00
0.
11
0.
77
0.
62
1.
30
1.
35
1.
30
13
.2
5
10
.3
2
15
.0
5
C
aO
0.
22
1.
39
2.
11
0.
55
5.
41
23
.2
3
23
.3
9
23
.2
7
23
.9
8
10
.5
3
12
.9
0
11
.6
1
11
.4
7
11
.6
5
10
.8
3
11
.3
6
11
.1
4
N
a 2
O
11
.9
8
5.
78
10
.4
8
11
.5
4
7.
27
0.
01
0.
01
0.
02
0.
02
0.
00
0.
02
0.
02
0.
02
0.
03
0.
97
0.
39
0.
95
K
2O
0.
05
6.
73
0.
03
0.
04
0.
03
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
05
0.
06
0.
07
To
ta
l
10
1.
23
99
.7
7
10
0.
23
10
0.
99
10
0.
03
96
.5
7
96
.6
9
95
.7
7
96
.5
3
10
0.
50
10
0.
30
10
0.
81
99
.9
4
99
.8
5
98
.4
3
98
.1
7
99
.1
8
N
o.
 O
8.
00
8.
00
8.
00
8.
00
8.
00
12
.5
0
12
.5
0
12
.5
0
12
.5
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
23
.0
0
23
.0
0
23
.0
0
Si
3.
00
2.
86
2.
97
3.
00
2.
86
3.
06
3.
11
3.
11
3.
06
3.
01
3.
02
3.
02
3.
04
3.
02
7.
52
7.
85
7.
91
Ti
0.
00
0.
00
0.
00
0.
00
0.
00
0.
03
0.
01
0.
01
0.
03
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
00
0.
00
A
l
0.
99
1.
15
0.
87
0.
96
0.
68
2.
71
2.
50
2.
44
2.
66
1.
92
1.
91
1.
91
1.
92
1.
93
0.
93
0.
29
0.
37
Fe
0.
00
0.
03
0.
09
0.
03
0.
34
0.
28
0.
52
0.
56
0.
29
1.
96
1.
82
1.
89
1.
85
1.
86
1.
76
2.
66
1.
63
M
n
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
00
0.
00
0.
01
0.
12
0.
07
0.
03
0.
03
0.
03
0.
13
0.
03
0.
00
M
g
0.
00
0.
01
0.
12
0.
03
0.
31
0.
01
0.
00
0.
00
0.
01
0.
09
0.
07
0.
15
0.
16
0.
15
2.
85
2.
29
3.
17
C
a
0.
01
0.
07
0.
10
0.
03
0.
27
1.
95
2.
00
2.
02
2.
02
0.
90
1.
10
0.
98
0.
98
1.
00
1.
67
1.
81
1.
69
N
a
1.
00
0.
51
0.
90
0.
97
0.
66
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
27
0.
11
0.
26
K
0.
00
0.
39
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
01
0.
01
To
ta
l
5.
01
5.
01
5.
05
5.
01
5.
12
8.
05
8.
14
8.
15
8.
08
8.
01
8.
01
8.
01
7.
99
8.
00
15
.1
5
15
.0
5
15
.0
4
12
G
EC
08
12
G
EC
13
12
G
EC
08
12
G
EC
13
G
ar
ne
t
co
re
co
re
co
re
co
re
co
re
co
re
co
re
co
re
 c
or
e
co
re
co
re
rim
rim
rim
rim
rim
rim
rim
rim
rim
rim
c1
–1
c2
–4
c2
–7
c2
–1
0
c2
–1
1
c3
–3
c3
–9
c1
–5
c2
–2
c2
–7
c3
–2
c1
–5
c1
–6
c2
–2
c2
–8
c2
–9
c2
–1
3
c3
–2
c3
–1
0
c2
–1
c2
–9
Si
O
2
38
.3
2
37
.8
7
37
.8
7
38
.1
2
37
.9
3
38
.1
2
37
.9
1
37
.3
7
37
.3
9
38
.0
2
37
.9
7
38
.4
9
38
.8
5
38
.0
7
38
.7
0
38
.2
4
38
.7
7
38
.9
1
38
.6
5
37
.5
6
37
.8
8
Ti
O
2
0.
13
0.
07
0.
23
0.
18
0.
17
0.
14
0.
23
0.
17
0.
18
0.
14
0.
05
0.
12
0.
14
0.
11
0.
13
0.
08
0.
12
0.
11
0.
12
0.
13
0.
10
A
l 2O
3
21
.2
8
21
.3
6
20
.9
2
21
.2
0
20
.9
3
21
.1
7
20
.5
1
20
.3
7
20
.3
6
20
.3
0
20
.4
9
21
.3
8
21
.3
7
21
.3
4
21
.3
9
21
.4
7
21
.4
5
21
.4
6
21
.5
6
20
.5
7
20
.6
8
Fe
O
26
.6
8
27
.3
2
20
.5
5
25
.2
3
24
.9
3
26
.4
1
21
.2
2
29
.2
8
28
.6
4
28
.6
4
29
.2
7
26
.5
8
26
.3
7
26
.1
4
26
.0
3
27
.0
4
25
.3
2
26
.1
7
26
.3
9
29
.3
6
28
.6
1
M
nO
0.
54
0.
69
6.
17
1.
24
3.
30
1.
38
6.
12
1.
22
1.
53
2.
04
0.
55
0.
28
0.
38
0.
33
0.
28
0.
29
0.
24
0.
23
0.
24
0.
11
0.
15
M
gO
2.
66
2.
67
1.
13
1.
93
1.
15
1.
71
1.
00
1.
24
1.
23
1.
27
1.
73
3.
15
2.
89
3.
73
3.
29
3.
37
3.
42
3.
73
3.
70
2.
13
2.
26
Ca
O
10
.6
5
10
.0
0
12
.7
8
12
.1
6
11
.6
5
11
.3
8
12
.2
2
9.
78
9.
79
9.
07
9.
24
10
.4
7
10
.7
0
10
.0
4
10
.6
6
10
.1
5
10
.7
6
9.
67
9.
63
9.
36
9.
89
N
a 2
O
0.
01
0.
02
0.
03
0.
02
0.
01
0.
03
0.
01
0.
03
0.
01
0.
01
0.
02
0.
02
0.
02
0.
03
0.
03
0.
00
0.
02
0.
03
0.
02
0.
02
0.
01
K
2O
0.
00
0.
00
0.
02
0.
00
0.
01
0.
00
0.
02
0.
00
0.
00
0.
01
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
00
0.
00
0.
00
0.
00
0.
01
To
ta
l
10
0.
26
10
0.
01
99
.6
8
10
0.
07
10
0.
08
10
0.
35
99
.2
4
99
.4
6
99
.1
1
99
.5
0
99
.3
4
10
0.
50
10
0.
72
99
.7
8
10
0.
51
10
0.
65
10
0.
11
10
0.
31
10
0.
30
99
.2
5
99
.5
9
N
o.
 O
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
Si
3.
01
2.
99
3.
01
3.
01
3.
01
3.
01
3.
03
3.
01
3.
02
3.
05
3.
04
3.
01
3.
03
2.
99
3.
02
2.
99
3.
03
3.
03
3.
02
3.
01
3.
02
Ti
0.
01
0.
00
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
00
0.
01
0.
01
0.
01
0.
01
0.
00
0.
01
0.
01
0.
01
0.
01
0.
01
A
l
1.
97
1.
99
1.
96
1.
97
1.
96
1.
97
1.
94
1.
94
1.
94
1.
92
1.
94
1.
97
1.
96
1.
98
1.
97
1.
98
1.
97
1.
97
1.
98
1.
95
1.
94
Fe
1.
75
1.
81
1.
37
1.
66
1.
66
1.
74
1.
42
1.
97
1.
93
1.
92
1.
96
1.
74
1.
72
1.
72
1.
70
1.
77
1.
65
1.
71
1.
72
1.
97
1.
91
M
n
0.
04
0.
05
0.
42
0.
08
0.
22
0.
09
0.
41
0.
08
0.
10
0.
14
0.
04
0.
02
0.
03
0.
02
0.
02
0.
02
0.
02
0.
02
0.
02
0.
01
0.
01
M
g
0.
31
0.
31
0.
13
0.
23
0.
14
0.
20
0.
12
0.
15
0.
15
0.
15
0.
21
0.
37
0.
34
0.
44
0.
38
0.
39
0.
40
0.
43
0.
43
0.
25
0.
27
Ca
0.
90
0.
85
1.
09
1.
03
0.
99
0.
96
1.
05
0.
84
0.
85
0.
78
0.
79
0.
88
0.
89
0.
85
0.
89
0.
85
0.
90
0.
81
0.
81
0.
80
0.
84
N
a
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
K
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
To
ta
l
7.
99
8.
01
8.
00
8.
00
8.
00
8.
00
7.
99
8.
01
8.
00
7.
98
7.
99
8.
00
7.
98
8.
01
7.
99
8.
01
7.
98
7.
98
7.
98
8.
01
8.
00
88
The University of Sydney, PhD Thesis, Adrianna Rajkumar, 2015.
12
G
EC
08
12
G
EC
13
12
G
EC
08
12
G
EC
13
12
G
EC
08
12
G
EC
13
C
lin
op
yr
ox
en
e
A
m
ph
ib
ol
e
Ph
en
gi
te
c1
–1
8
c1
–9
c2
–6
c1
–1
1
c1
–1
2
c2
–1
5
c2
–1
9
c2
–2
1
c2
–8
c2
–1
7
c2
–1
8
c3
–1
1
c1
–1
0
c1
–1
3
c1
–1
6
c2
–3
c2
–1
3
c3
–7
Si
O
2
55
.6
5
56
.0
6
54
.9
8
50
.4
9
48
.7
7
48
.9
2
48
.3
0
48
.6
9
41
.4
9
49
.4
8
50
.3
2
50
.5
4
50
.6
5
51
.3
5
51
.2
6
50
.4
1
50
.8
8
50
.3
2
Ti
O
2
0.
09
0.
09
0.
04
0.
28
0.
37
0.
37
0.
43
0.
46
0.
17
0.
47
0.
54
0.
46
0.
41
0.
26
0.
31
0.
43
0.
46
0.
56
A
l 2O
3
10
.7
2
9.
98
6.
70
11
.5
8
12
.3
0
12
.3
4
13
.2
6
13
.0
8
14
.0
5
29
.7
6
29
.3
2
29
.1
3
25
.4
8
25
.5
1
25
.1
6
25
.8
1
25
.7
2
25
.8
2
Fe
O
3.
77
5.
31
9.
48
9.
47
10
.1
4
10
.7
7
10
.0
7
10
.1
1
24
.6
4
1.
58
1.
50
1.
60
2.
83
2.
49
2.
54
3.
22
2.
84
3.
22
M
nO
0.
02
0.
00
0.
05
0.
05
0.
05
0.
06
0.
03
0.
08
0.
49
0.
00
0.
02
0.
03
0.
00
0.
00
0.
02
0.
01
0.
01
0.
02
M
gO
8.
77
8.
23
7.
66
13
.3
0
12
.8
1
12
.0
2
12
.6
2
12
.6
6
3.
49
2.
62
2.
85
2.
93
3.
57
3.
75
3.
74
3.
32
3.
53
3.
30
C
aO
14
.3
1
13
.6
0
14
.1
9
8.
37
8.
58
8.
46
8.
68
8.
73
7.
70
0.
00
0.
04
0.
00
0.
03
0.
02
0.
02
0.
04
0.
02
0.
01
N
a 2
O
6.
47
6.
72
6.
09
3.
93
3.
97
4.
04
3.
99
3.
99
4.
26
1.
40
1.
26
1.
22
0.
44
0.
45
0.
36
0.
46
0.
48
0.
40
K
2O
0.
00
0.
00
0.
02
0.
31
0.
36
0.
35
0.
38
0.
41
0.
44
9.
19
9.
44
9.
49
10
.3
6
10
.4
6
10
.5
7
10
.3
2
10
.5
0
10
.5
5
To
ta
l
99
.8
2
99
.9
9
99
.1
9
97
.7
7
97
.3
5
97
.3
4
97
.7
6
98
.2
0
96
.7
3
94
.5
0
95
.2
8
95
.3
9
93
.7
7
94
.2
9
93
.9
6
94
.0
3
94
.4
3
94
.1
9
N
o.
 O
6.
00
6.
00
6.
00
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
22
.0
0
22
.0
0
22
.0
0
22
.0
0
22
.0
0
22
.0
0
22
.0
0
22
.0
0
22
.0
0
Si
1.
98
2.
01
2.
03
7.
14
6.
98
7.
01
6.
88
6.
91
6.
49
6.
61
6.
66
6.
69
6.
89
6.
93
6.
95
6.
85
6.
88
6.
84
Ti
0.
00
0.
00
0.
00
0.
03
0.
04
0.
04
0.
05
0.
05
0.
02
0.
05
0.
05
0.
05
0.
04
0.
03
0.
03
0.
04
0.
05
0.
06
A
l
0.
45
0.
42
0.
29
1.
93
2.
07
2.
09
2.
23
2.
19
2.
59
4.
69
4.
58
4.
54
4.
09
4.
06
4.
02
4.
13
4.
10
4.
14
Fe
0.
11
0.
16
0.
29
1.
12
1.
21
1.
29
1.
20
1.
20
3.
23
0.
18
0.
17
0.
18
0.
32
0.
28
0.
29
0.
37
0.
32
0.
37
M
n
0.
00
0.
00
0.
00
0.
01
0.
01
0.
01
0.
00
0.
01
0.
06
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
M
g
0.
47
0.
44
0.
42
2.
80
2.
73
2.
57
2.
68
2.
68
0.
81
0.
52
0.
56
0.
58
0.
72
0.
75
0.
76
0.
67
0.
71
0.
67
C
a
0.
55
0.
52
0.
56
1.
27
1.
32
1.
30
1.
33
1.
33
1.
29
0.
00
0.
01
0.
00
0.
00
0.
00
0.
00
0.
01
0.
00
0.
00
N
a
0.
45
0.
47
0.
44
1.
08
1.
10
1.
12
1.
10
1.
10
1.
29
0.
36
0.
32
0.
31
0.
12
0.
12
0.
10
0.
12
0.
13
0.
11
K
0.
00
0.
00
0.
00
0.
06
0.
07
0.
06
0.
07
0.
07
0.
09
1.
57
1.
59
1.
60
1.
80
1.
80
1.
83
1.
79
1.
81
1.
83
To
ta
l
4.
01
4.
01
4.
04
15
.4
3
15
.5
3
15
.5
0
15
.5
4
15
.5
3
15
.8
8
13
.9
7
13
.9
5
13
.9
5
13
.9
8
13
.9
7
13
.9
7
13
.9
8
13
.9
9
14
.0
0
12
G
EC
08
12
G
EC
08
12
G
EC
13
Ep
id
ot
e
R
ut
ile
c1
–9
c2
–4
c2
–2
0
c3
–4
c3
–7
c3
–8
c2
–5
c3
–1
3
c1
–8
c1
–1
1
Si
O
2
39
.4
9
39
.0
4
39
.5
3
39
.9
5
39
.4
5
39
.9
8
0.
10
0.
05
0.
02
0.
06
Ti
O
2
0.
06
0.
03
0.
08
0.
04
0.
06
0.
04
10
0.
21
10
1.
50
10
1.
30
10
1.
71
A
l 2O
3
31
.7
3
31
.9
4
31
.3
4
31
.5
1
31
.8
0
31
.4
6
0.
00
0.
00
0.
00
0.
00
Fe
O
1.
53
1.
30
2.
13
1.
88
1.
65
2.
07
0.
38
0.
27
0.
64
0.
33
M
nO
0.
03
0.
02
0.
01
0.
00
0.
00
0.
04
0.
02
0.
00
0.
02
0.
00
M
gO
0.
03
0.
02
0.
05
0.
02
0.
03
0.
05
0.
00
0.
00
0.
00
0.
01
C
aO
23
.8
2
24
.0
3
23
.9
6
23
.9
4
24
.2
4
24
.0
8
0.
26
0.
14
0.
05
0.
09
N
a 2
O
0.
02
0.
03
0.
02
0.
02
0.
01
0.
02
0.
00
0.
00
0.
01
0.
00
K
2O
0.
01
0.
01
0.
00
0.
00
0.
00
0.
00
0.
01
0.
00
0.
00
0.
01
To
ta
l
96
.7
3
96
.4
1
97
.1
1
97
.3
7
97
.2
4
97
.7
4
10
0.
99
10
1.
96
10
2.
05
10
2.
21
N
o.
 O
12
.5
0
12
.5
0
12
.5
0
12
.5
0
12
.5
0
12
.5
0
2.
00
2.
00
2.
00
2.
00
Si
3.
04
3.
02
3.
05
3.
06
3.
03
3.
06
0.
00
0.
00
0.
00
0.
00
Ti
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
99
1.
00
1.
00
1.
00
A
l
2.
89
2.
91
2.
85
2.
85
2.
88
2.
84
0.
00
0.
00
0.
00
0.
00
Fe
0.
10
0.
08
0.
14
0.
12
0.
11
0.
13
0.
00
0.
00
0.
01
0.
00
M
n
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
M
g
0.
00
0.
00
0.
01
0.
00
0.
00
0.
01
0.
00
0.
00
0.
00
0.
00
C
a
1.
97
1.
99
1.
98
1.
97
2.
00
1.
97
0.
00
0.
00
0.
00
0.
00
N
a
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
K
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
To
ta
l
8.
01
8.
02
8.
02
8.
01
8.
02
8.
02
1.
00
1.
00
1.
00
1.
00
89
The University of Sydney, PhD Thesis, Adrianna Rajkumar, 2015.
12
G
EC
16
B2
G
ar
ne
t
tra
ns
ec
t c
1–
5
tra
ns
ec
t c
2–
24
rim
co
re
rim
rim
co
re
rim
Si
O
2
38
.0
7
37
.8
1
38
.3
2
38
.1
7
38
.2
3
38
.0
1
38
.0
8
38
.2
1
37
.8
5
37
.8
4
37
.7
0
37
.8
4
37
.8
9
37
.9
2
37
.9
2
38
.0
1
38
.1
5
38
.2
0
37
.6
7
37
.7
6
37
.8
3
38
.2
2
37
.2
8
37
.8
6
38
.0
6
Ti
O
2
0.
13
0.
12
0.
10
0.
14
0.
12
0.
11
0.
16
0.
20
0.
25
0.
20
0.
16
0.
18
0.
16
0.
12
0.
11
0.
11
0.
13
0.
10
0.
14
0.
17
0.
20
0.
15
0.
16
0.
17
0.
15
A
l 2O
3
20
.6
1
20
.5
4
20
.3
5
20
.5
1
20
.5
3
20
.4
0
20
.1
7
20
.0
8
20
.1
9
20
.0
9
20
.1
8
20
.3
8
20
.4
3
20
.5
4
20
.6
0
20
.6
7
20
.9
4
20
.7
8
20
.5
6
20
.4
0
20
.3
0
19
.7
1
20
.3
6
20
.3
0
20
.5
3
Fe
O
29
.0
9
29
.6
6
29
.4
9
30
.0
1
29
.8
0
29
.9
1
28
.2
0
27
.0
3
25
.5
4
26
.2
3
27
.6
5
28
.5
1
29
.5
2
29
.6
7
30
.2
7
28
.9
3
27
.8
3
29
.3
2
30
.0
8
29
.5
5
27
.9
3
26
.4
1
27
.1
0
29
.6
6
30
.0
0
M
nO
0.
10
0.
36
0.
49
0.
47
0.
71
1.
39
2.
61
3.
72
4.
60
4.
20
3.
16
1.
77
0.
72
0.
58
0.
22
0.
16
0.
19
0.
18
0.
52
0.
70
2.
57
4.
18
4.
19
0.
51
0.
19
M
gO
2.
13
1.
58
1.
57
1.
50
1.
50
0.
97
0.
88
0.
93
0.
86
0.
86
0.
92
0.
97
1.
09
1.
42
1.
71
2.
15
2.
55
2.
15
1.
50
1.
11
0.
79
1.
25
0.
94
1.
36
1.
79
Ca
O
9.
69
10
.0
5
9.
87
9.
82
9.
64
9.
22
10
.2
6
10
.2
6
10
.4
9
10
.1
5
9.
86
10
.2
6
10
.3
2
9.
91
9.
66
9.
90
9.
95
9.
46
9.
69
9.
98
10
.5
1
9.
28
9.
61
10
.0
4
9.
76
N
a 2
O
0.
00
0.
01
0.
01
0.
01
0.
02
0.
01
0.
01
0.
02
0.
01
0.
04
0.
01
0.
02
0.
03
0.
02
0.
02
0.
00
0.
02
0.
00
0.
02
0.
01
0.
03
0.
22
0.
01
0.
00
0.
02
K
2O
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
01
0.
00
0.
01
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
To
ta
l
99
.8
3
10
0.
15
10
0.
19
10
0.
64
10
0.
56
10
0.
04
10
0.
36
10
0.
45
99
.7
9
99
.6
0
99
.6
3
99
.9
1
10
0.
15
10
0.
17
10
0.
52
99
.9
3
99
.7
7
10
0.
19
10
0.
18
99
.6
8
10
0.
16
99
.4
2
99
.6
4
99
.9
1
10
0.
51
N
o.
 O
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
Si
3.
03
3.
02
3.
05
3.
03
3.
04
3.
04
3.
04
3.
05
3.
04
3.
04
3.
03
3.
03
3.
03
3.
03
3.
02
3.
02
3.
02
3.
03
3.
01
3.
03
3.
03
3.
07
3.
01
3.
03
3.
02
Ti
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
02
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
A
l
1.
93
1.
93
1.
91
1.
92
1.
92
1.
93
1.
90
1.
89
1.
91
1.
91
1.
92
1.
92
1.
92
1.
93
1.
93
1.
94
1.
96
1.
94
1.
94
1.
93
1.
92
1.
87
1.
94
1.
92
1.
92
Fe
1.
94
1.
98
1.
96
1.
99
1.
98
2.
00
1.
88
1.
80
1.
71
1.
76
1.
86
1.
91
1.
97
1.
98
2.
01
1.
92
1.
84
1.
94
2.
01
1.
98
1.
87
1.
78
1.
83
1.
99
1.
99
M
n
0.
01
0.
02
0.
03
0.
03
0.
05
0.
09
0.
18
0.
25
0.
31
0.
29
0.
22
0.
12
0.
05
0.
04
0.
01
0.
01
0.
01
0.
01
0.
04
0.
05
0.
17
0.
29
0.
29
0.
03
0.
01
M
g
0.
25
0.
19
0.
19
0.
18
0.
18
0.
12
0.
11
0.
11
0.
10
0.
10
0.
11
0.
12
0.
13
0.
17
0.
20
0.
25
0.
30
0.
25
0.
18
0.
13
0.
09
0.
15
0.
11
0.
16
0.
21
Ca
0.
83
0.
86
0.
84
0.
84
0.
82
0.
79
0.
88
0.
88
0.
90
0.
87
0.
85
0.
88
0.
88
0.
85
0.
82
0.
84
0.
84
0.
80
0.
83
0.
86
0.
90
0.
80
0.
83
0.
86
0.
83
N
a
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
00
0.
00
0.
01
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
03
0.
00
0.
00
0.
00
K
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
To
ta
l
8.
00
8.
01
7.
99
8.
00
7.
99
7.
99
8.
00
8.
00
7.
99
7.
99
8.
00
8.
00
8.
00
8.
00
8.
01
8.
00
7.
99
7.
99
8.
01
7.
99
8.
00
8.
00
8.
01
8.
00
8.
01
12
G
EC
16
B
2
C
lin
op
yr
ox
en
e
A
m
ph
ib
ol
e
Ph
en
gi
te
c3
–1
2
c2
–2
0
c2
–9
c1
–2
4
c1
–2
2
c1
–1
9
c1
–1
6
c1
–9
c1
–1
0
c1
–1
1
c1
–7
c1
–1
7
c1
–1
8
c2
–1
3
c2
–2
3
c2
–1
7
c1
–1
2
c1
–1
3
c3
–7
c2
–5
Si
O
2
55
.2
3
56
.2
6
56
.1
4
55
.1
0
55
.6
4
56
.1
3
55
.8
9
55
.1
3
55
.9
2
55
.9
3
53
.6
4
53
.6
0
54
.9
1
55
.8
9
50
.7
7
53
.9
6
51
.8
2
52
.1
3
51
.6
7
51
.8
3
Ti
O
2
0.
03
0.
04
0.
05
0.
04
0.
05
0.
01
0.
04
0.
05
0.
07
0.
04
0.
14
0.
18
0.
08
0.
05
0.
10
0.
13
0.
23
0.
24
0.
25
0.
21
A
l 2O
3
5.
68
7.
44
8.
67
6.
83
7.
08
8.
60
8.
13
5.
29
8.
00
7.
93
5.
65
5.
48
3.
80
9.
63
8.
67
5.
47
24
.5
6
24
.6
1
24
.6
8
23
.9
3
Fe
O
9.
63
7.
29
7.
05
7.
97
7.
67
7.
00
7.
91
10
.2
8
8.
06
7.
37
12
.2
4
12
.4
3
11
.8
0
16
.0
7
19
.8
0
12
.1
6
2.
95
3.
03
2.
91
3.
24
M
nO
0.
04
0.
00
0.
01
0.
00
0.
00
0.
02
0.
00
0.
00
0.
01
0.
01
0.
05
0.
04
0.
03
0.
05
0.
31
0.
05
0.
00
0.
00
0.
05
0.
00
M
gO
8.
36
8.
98
8.
08
8.
95
8.
83
8.
02
7.
84
8.
38
7.
80
8.
18
14
.3
5
14
.2
2
15
.4
1
7.
97
8.
29
14
.2
5
3.
75
3.
72
3.
77
3.
90
C
aO
14
.8
9
15
.0
4
13
.8
2
15
.2
8
15
.1
0
13
.7
1
13
.6
9
15
.3
0
13
.8
0
14
.3
3
8.
74
8.
52
9.
34
1.
52
4.
16
8.
55
0.
00
0.
01
0.
00
0.
00
N
a 2
O
5.
67
5.
92
6.
66
5.
72
5.
74
6.
66
6.
71
5.
56
6.
56
6.
36
2.
86
2.
95
2.
37
6.
60
5.
29
2.
95
0.
29
0.
31
0.
35
0.
23
K
2O
0.
00
0.
01
0.
00
0.
00
0.
01
0.
00
0.
00
0.
00
0.
01
0.
01
0.
19
0.
16
0.
16
0.
03
0.
06
0.
19
10
.5
7
10
.4
8
10
.6
5
10
.8
2
To
ta
l
99
.5
3
10
0.
99
10
0.
47
99
.8
8
10
0.
13
10
0.
15
10
0.
22
99
.9
8
10
0.
23
10
0.
16
97
.8
7
97
.6
0
97
.9
0
97
.8
1
97
.4
5
97
.7
1
94
.1
8
94
.5
5
94
.3
4
94
.1
5
N
o.
 O
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
22
.0
0
22
.0
0
22
.0
0
22
.0
0
Si
2.
04
2.
02
2.
02
2.
01
2.
02
2.
02
2.
02
2.
03
2.
03
2.
02
7.
64
7.
66
7.
80
7.
92
7.
49
7.
69
7.
01
7.
03
6.
99
7.
04
Ti
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
02
0.
02
0.
01
0.
00
0.
01
0.
01
0.
02
0.
02
0.
03
0.
02
A
l
0.
25
0.
31
0.
37
0.
29
0.
30
0.
37
0.
35
0.
23
0.
34
0.
34
0.
95
0.
92
0.
64
1.
61
1.
51
0.
92
3.
92
3.
91
3.
94
3.
83
Fe
0.
30
0.
22
0.
21
0.
24
0.
23
0.
21
0.
24
0.
32
0.
24
0.
22
1.
46
1.
49
1.
40
1.
90
2.
44
1.
45
0.
33
0.
34
0.
33
0.
37
M
n
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
00
0.
00
0.
01
0.
04
0.
01
0.
00
0.
00
0.
01
0.
00
M
g
0.
46
0.
48
0.
43
0.
49
0.
48
0.
43
0.
42
0.
46
0.
42
0.
44
3.
05
3.
03
3.
26
1.
68
1.
82
3.
03
0.
76
0.
75
0.
76
0.
79
C
a
0.
59
0.
58
0.
53
0.
60
0.
59
0.
53
0.
53
0.
61
0.
54
0.
56
1.
33
1.
31
1.
42
0.
23
0.
66
1.
31
0.
00
0.
00
0.
00
0.
00
N
a
0.
41
0.
41
0.
46
0.
41
0.
40
0.
47
0.
47
0.
40
0.
46
0.
45
0.
79
0.
82
0.
65
1.
81
1.
51
0.
81
0.
08
0.
08
0.
09
0.
06
K
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
03
0.
03
0.
03
0.
01
0.
01
0.
03
1.
82
1.
80
1.
84
1.
87
To
ta
l
4.
04
4.
03
4.
03
4.
04
4.
03
4.
03
4.
04
4.
05
4.
03
4.
03
15
.2
8
15
.2
8
15
.2
1
15
.1
8
15
.5
0
15
.2
6
13
.9
5
13
.9
4
13
.9
8
13
.9
9
90
The University of Sydney, PhD Thesis, Adrianna Rajkumar, 2015.
12
G
EC
16
B
2
Ep
id
ot
e
R
ut
ile
Ti
ta
ni
te
G
ar
ne
t
tra
ns
ec
t c
3–
1
c3
–5
c3
–6
c2
–1
9
c3
–2
c3
–8
c1
–2
3
c1
–1
4
c1
–2
0
c3
–1
c3
–3
rim
co
re
rim
Si
O
2
38
.0
9
38
.2
0
38
.3
7
38
.1
8
38
.3
0
38
.4
2
0.
03
0.
01
0.
02
30
.8
5
38
.4
5
38
.1
5
37
.9
1
37
.6
5
38
.0
4
38
.0
6
37
.9
1
38
.2
0
38
.0
4
37
.9
8
Ti
O
2
0.
11
0.
12
0.
11
0.
14
0.
15
0.
13
97
.4
0
97
.7
5
98
.1
4
37
.8
4
0.
07
0.
14
0.
12
0.
16
0.
19
0.
22
0.
21
0.
14
0.
13
0.
10
A
l 2O
3
24
.2
4
23
.4
1
24
.6
0
23
.8
1
24
.9
2
24
.1
8
0.
00
0.
00
0.
00
1.
07
20
.5
8
20
.3
0
20
.3
6
20
.0
9
20
.1
0
19
.8
3
20
.0
0
20
.1
0
20
.3
0
20
.6
3
Fe
O
10
.0
2
11
.0
2
10
.0
3
10
.7
8
9.
78
10
.3
1
0.
47
0.
24
0.
28
0.
37
29
.6
5
29
.7
5
30
.0
5
27
.8
1
25
.9
7
25
.5
1
26
.6
6
29
.3
0
29
.7
8
29
.4
0
M
nO
0.
01
0.
03
0.
01
0.
00
0.
04
0.
00
0.
00
0.
01
0.
02
0.
00
0.
15
0.
51
0.
74
2.
87
4.
62
5.
00
4.
48
1.
40
0.
43
0.
16
M
gO
0.
03
0.
03
0.
04
0.
05
0.
06
0.
05
0.
00
0.
00
0.
00
0.
00
2.
25
1.
59
1.
19
1.
01
0.
82
0.
68
0.
68
0.
90
1.
55
2.
18
C
aO
22
.4
7
21
.1
8
22
.6
9
21
.5
2
22
.7
5
22
.2
0
0.
03
0.
02
0.
05
28
.6
3
9.
12
9.
82
9.
80
9.
86
10
.2
7
10
.3
9
10
.1
5
10
.1
1
9.
73
9.
64
N
a 2
O
0.
00
0.
00
0.
00
0.
01
0.
02
0.
01
0.
00
0.
01
0.
00
0.
01
0.
00
0.
01
0.
00
0.
01
0.
00
0.
00
0.
01
0.
00
0.
03
0.
01
K
2O
0.
01
0.
00
0.
00
0.
01
0.
01
0.
00
0.
00
0.
01
0.
01
0.
00
0.
00
0.
01
0.
02
0.
00
0.
01
0.
00
0.
00
0.
01
0.
00
0.
00
To
ta
l
94
.9
7
93
.9
8
95
.8
6
94
.4
9
96
.0
3
95
.3
1
97
.9
4
98
.0
5
98
.5
2
98
.7
6
10
0.
28
10
0.
26
10
0.
19
99
.4
5
10
0.
01
99
.7
1
10
0.
09
10
0.
16
99
.9
9
10
0.
10
N
o.
 O
12
.5
0
12
.5
0
12
.5
0
12
.5
0
12
.5
0
12
.5
0
2.
00
2.
00
2.
00
5.
00
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
Si
3.
14
3.
18
3.
13
3.
16
3.
12
3.
15
0.
00
0.
00
0.
00
4.
06
3.
05
3.
04
3.
03
3.
04
3.
05
3.
06
3.
04
3.
05
3.
04
3.
02
Ti
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
1.
00
1.
00
1.
00
3.
74
0.
00
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
A
l
2.
35
2.
30
2.
37
2.
33
2.
39
2.
34
0.
00
0.
00
0.
00
0.
04
1.
92
1.
91
1.
92
1.
91
1.
90
1.
88
1.
89
1.
90
1.
91
1.
93
Fe
0.
69
0.
77
0.
68
0.
75
0.
67
0.
71
0.
01
0.
00
0.
00
0.
01
1.
96
1.
98
2.
01
1.
87
1.
74
1.
71
1.
79
1.
96
1.
99
1.
95
M
n
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
03
0.
05
0.
20
0.
31
0.
34
0.
30
0.
10
0.
03
0.
01
M
g
0.
00
0.
00
0.
00
0.
01
0.
01
0.
01
0.
00
0.
00
0.
00
0.
00
0.
27
0.
19
0.
14
0.
12
0.
10
0.
08
0.
08
0.
11
0.
18
0.
26
C
a
1.
98
1.
89
1.
98
1.
91
1.
98
1.
95
0.
00
0.
00
0.
00
3.
99
0.
77
0.
84
0.
84
0.
85
0.
88
0.
90
0.
87
0.
87
0.
83
0.
82
N
a
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
K
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
To
ta
l
8.
18
8.
16
8.
18
8.
16
8.
18
8.
17
1.
00
1.
00
1.
00
11
.8
4
7.
99
8.
00
8.
00
8.
00
7.
99
7.
99
8.
00
7.
99
8.
00
8.
01
12
G
EC
16
A
G
ar
ne
t
tra
ns
ec
t c
1–
24
tra
ns
ec
t c
2–
8
rim
 
co
re
co
re
rim
 
rim
co
re
rim
Si
O
2
38
.0
8
38
.3
4
36
.0
2
37
.7
1
37
.4
8
37
.4
2
37
.8
6
37
.6
2
37
.8
0
38
.4
2
38
.0
4
38
.1
1
37
.9
0
37
.6
2
37
.7
4
37
.8
2
37
.9
7
38
.1
2
37
.9
8
38
.1
0
Ti
O
2
0.
12
0.
18
0.
15
0.
22
0.
22
0.
28
0.
17
0.
15
0.
14
0.
06
0.
12
0.
16
0.
22
0.
20
0.
26
0.
23
0.
15
0.
19
0.
19
0.
15
A
l 2O
3
20
.4
5
20
.3
1
19
.2
6
19
.9
3
19
.9
6
19
.7
8
20
.1
3
19
.8
0
20
.3
4
20
.5
7
20
.3
6
20
.1
0
19
.9
6
19
.8
2
19
.7
8
19
.8
6
20
.0
4
20
.0
2
20
.1
3
20
.3
5
Fe
O
28
.9
1
29
.7
8
26
.9
6
26
.1
3
25
.7
8
25
.0
2
27
.3
0
28
.9
3
29
.7
2
29
.0
6
29
.8
8
28
.6
2
27
.2
0
26
.5
4
25
.3
3
25
.4
2
26
.7
5
29
.1
0
29
.0
2
29
.1
9
M
nO
0.
16
0.
50
1.
89
3.
39
4.
41
4.
83
3.
22
0.
79
0.
33
0.
18
0.
18
0.
55
1.
83
3.
77
5.
04
5.
17
3.
85
1.
44
0.
38
0.
10
M
gO
2.
18
1.
26
0.
90
0.
83
0.
70
0.
62
0.
79
1.
07
1.
64
2.
26
1.
75
1.
12
0.
70
0.
64
0.
59
0.
59
0.
69
0.
87
1.
32
1.
94
Ca
O
9.
81
9.
96
9.
54
11
.2
1
10
.7
5
10
.9
7
10
.3
7
9.
89
9.
73
9.
61
9.
65
11
.1
8
11
.9
8
10
.8
3
10
.6
7
10
.3
0
10
.5
7
10
.4
4
10
.4
8
10
.0
0
N
a 2
O
0.
02
0.
03
0.
03
0.
00
0.
01
0.
03
0.
03
0.
00
0.
02
0.
00
0.
00
0.
00
0.
02
0.
01
0.
01
0.
00
0.
00
0.
02
0.
02
0.
01
K
2O
0.
00
0.
01
0.
01
0.
00
0.
00
0.
00
0.
02
0.
00
0.
00
0.
01
0.
00
0.
00
0.
01
0.
00
0.
00
0.
01
0.
00
0.
01
0.
00
0.
00
To
ta
l
99
.7
2
10
0.
36
94
.7
7
99
.4
2
99
.3
0
98
.9
4
99
.8
9
98
.2
5
99
.7
2
10
0.
18
99
.9
7
99
.8
4
99
.8
2
99
.4
3
99
.4
4
99
.3
9
10
0.
02
10
0.
19
99
.5
2
99
.8
4
N
o.
 O
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
Si
3.
03
3.
05
2.
97
3.
04
3.
03
3.
03
3.
04
3.
06
3.
03
3.
04
3.
04
3.
05
3.
04
3.
04
3.
05
3.
05
3.
05
3.
05
3.
05
3.
04
Ti
0.
01
0.
01
0.
01
0.
01
0.
01
0.
02
0.
01
0.
01
0.
01
0.
00
0.
01
0.
01
0.
01
0.
01
0.
02
0.
01
0.
01
0.
01
0.
01
0.
01
A
l
1.
92
1.
91
1.
87
1.
89
1.
90
1.
89
1.
91
1.
90
1.
92
1.
92
1.
92
1.
90
1.
89
1.
89
1.
88
1.
89
1.
90
1.
89
1.
90
1.
91
Fe
1.
93
1.
98
1.
86
1.
76
1.
74
1.
70
1.
83
1.
97
1.
99
1.
93
1.
99
1.
91
1.
82
1.
79
1.
71
1.
72
1.
79
1.
95
1.
95
1.
95
M
n
0.
01
0.
03
0.
13
0.
23
0.
30
0.
33
0.
22
0.
05
0.
02
0.
01
0.
01
0.
04
0.
12
0.
26
0.
34
0.
35
0.
26
0.
10
0.
03
0.
01
M
g
0.
26
0.
15
0.
11
0.
10
0.
08
0.
07
0.
09
0.
13
0.
20
0.
27
0.
21
0.
13
0.
08
0.
08
0.
07
0.
07
0.
08
0.
10
0.
16
0.
23
Ca
0.
84
0.
85
0.
84
0.
97
0.
93
0.
95
0.
89
0.
86
0.
83
0.
82
0.
82
0.
96
1.
03
0.
94
0.
92
0.
89
0.
91
0.
89
0.
90
0.
85
N
a
0.
00
0.
00
0.
01
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
K
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
To
ta
l
8.
00
7.
99
7.
81
8.
00
8.
01
8.
00
8.
00
7.
98
8.
00
7.
99
8.
00
8.
00
8.
00
8.
01
8.
00
7.
99
8.
00
8.
00
7.
99
8.
00
91
The University of Sydney, PhD Thesis, Adrianna Rajkumar, 2015.
12
G
EC
16
A
C
lin
op
yr
ox
en
e
A
m
ph
ib
ol
e
c3
–3
c1
–2
0
c1
–2
1
c1
–1
0
c1
–1
1
c1
–7
c1
–8
c1
–4
c1
–9
c1
–1
3
c1
–1
4
c1
–1
7
c1
–2
2
c2
–1
1
c2
–1
2
c2
–1
3
Si
O
2
55
.5
0
56
.0
0
56
.0
5
55
.4
2
56
.2
4
56
.0
1
55
.9
9
55
.5
2
53
.0
5
52
.8
4
54
.7
7
50
.5
5
53
.7
7
51
.3
1
50
.4
4
53
.8
4
Ti
O
2
0.
05
0.
03
0.
05
0.
05
0.
04
0.
30
0.
01
0.
04
0.
17
0.
18
0.
08
0.
30
0.
10
0.
24
0.
22
0.
11
A
l 2O
3
7.
05
7.
36
8.
17
5.
08
7.
79
7.
30
8.
19
6.
75
5.
34
6.
21
4.
09
9.
03
5.
77
7.
74
8.
44
5.
39
Fe
O
8.
74
7.
33
7.
09
10
.0
5
7.
27
7.
40
7.
07
7.
55
12
.0
4
12
.0
8
11
.4
8
12
.9
4
11
.5
8
12
.7
4
13
.3
6
12
.0
4
M
nO
0.
00
0.
01
0.
00
0.
00
0.
01
0.
00
0.
00
0.
02
0.
00
0.
04
0.
03
0.
00
0.
07
0.
06
0.
04
0.
08
M
gO
8.
84
8.
71
8.
12
8.
59
8.
49
8.
73
8.
24
9.
21
14
.3
7
14
.2
2
15
.1
9
12
.4
8
14
.5
3
12
.8
1
12
.4
7
14
.4
8
C
aO
13
.8
4
14
.7
9
14
.0
8
15
.7
3
14
.3
5
14
.9
4
14
.0
5
15
.5
8
9.
05
8.
95
9.
20
8.
21
8.
54
8.
47
8.
51
9.
01
N
a 2
O
5.
93
5.
90
6.
53
5.
43
6.
26
5.
84
6.
42
5.
41
2.
69
3.
02
2.
35
3.
55
2.
96
3.
30
3.
39
2.
76
K
2O
0.
02
0.
01
0.
00
0.
01
0.
00
0.
01
0.
00
0.
00
0.
18
0.
29
0.
22
0.
40
0.
24
0.
33
0.
37
0.
20
To
ta
l
99
.9
9
10
0.
14
10
0.
09
10
0.
37
10
0.
45
10
0.
52
99
.9
8
10
0.
07
96
.8
9
97
.8
2
97
.4
1
97
.4
6
97
.5
5
96
.9
9
97
.2
5
97
.9
1
N
o.
 O
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
Si
2.
02
2.
03
2.
02
2.
04
2.
03
2.
02
2.
02
2.
02
7.
64
7.
55
7.
80
7.
29
7.
66
7.
42
7.
31
7.
66
Ti
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
00
0.
00
0.
02
0.
02
0.
01
0.
03
0.
01
0.
03
0.
02
0.
01
A
l
0.
30
0.
31
0.
35
0.
22
0.
33
0.
31
0.
35
0.
29
0.
91
1.
05
0.
69
1.
54
0.
97
1.
32
1.
44
0.
91
Fe
0.
27
0.
22
0.
21
0.
31
0.
22
0.
22
0.
21
0.
23
1.
45
1.
44
1.
37
1.
56
1.
38
1.
54
1.
62
1.
43
M
n
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
01
0.
01
0.
01
M
g
0.
48
0.
47
0.
44
0.
47
0.
46
0.
47
0.
44
0.
50
3.
08
3.
03
3.
23
2.
68
3.
09
2.
76
2.
70
3.
07
C
a
0.
54
0.
57
0.
54
0.
62
0.
55
0.
58
0.
54
0.
61
1.
40
1.
37
1.
40
1.
27
1.
30
1.
31
1.
32
1.
37
N
a
0.
42
0.
41
0.
46
0.
39
0.
44
0.
41
0.
45
0.
38
0.
75
0.
84
0.
65
0.
99
0.
82
0.
93
0.
95
0.
76
K
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
03
0.
05
0.
04
0.
07
0.
04
0.
06
0.
07
0.
04
To
ta
l
4.
03
4.
02
4.
03
4.
05
4.
02
4.
02
4.
03
4.
03
15
.2
8
15
.3
5
15
.1
9
15
.4
4
15
.2
7
15
.3
8
15
.4
5
15
.2
7
12
G
EC
16
A
G
ar
ne
t
tra
ns
ec
t c
3–
2
Ep
id
ot
e
R
ut
ile
Ph
en
gi
te
rim
co
re
rim
c1
–5
c1
–6
c1
–1
2
c1
–1
c2
–1
0
c2
–9
c2
–1
0
c1
–2
Si
O
2
38
.3
0
38
.1
3
38
.2
3
38
.2
0
37
.8
0
38
.0
8
38
.4
3
38
.3
4
38
.4
0
38
.2
9
38
.2
3
0.
01
0.
04
50
.2
1
51
.0
3
50
.1
1
Ti
O
2
0.
07
0.
12
0.
11
0.
16
0.
13
0.
19
0.
13
0.
16
0.
09
0.
12
0.
13
97
.7
0
97
.3
6
0.
53
0.
50
0.
48
A
l 2O
3
20
.4
5
20
.2
8
20
.3
6
20
.2
8
20
.2
6
20
.3
3
20
.3
6
20
.2
8
24
.3
6
24
.1
1
24
.9
9
0.
00
0.
00
25
.8
0
25
.2
9
26
.4
6
Fe
O
28
.5
9
29
.4
2
30
.3
1
29
.9
5
28
.7
1
28
.9
8
29
.6
6
29
.6
7
9.
82
10
.3
1
9.
74
0.
34
0.
27
3.
09
3.
07
3.
19
M
nO
0.
22
0.
30
0.
46
0.
78
1.
90
1.
01
0.
52
0.
37
0.
02
0.
00
0.
03
0.
01
0.
02
0.
01
0.
00
0.
00
M
gO
2.
36
1.
66
1.
61
1.
08
0.
86
0.
99
1.
22
1.
56
0.
05
0.
03
0.
06
0.
01
0.
01
3.
30
3.
42
3.
20
C
aO
9.
97
9.
91
9.
24
10
.3
0
10
.1
3
10
.5
5
9.
89
10
.2
6
22
.7
5
22
.6
2
22
.8
8
0.
04
0.
13
0.
03
0.
00
0.
00
N
a 2
O
0.
01
0.
01
0.
01
0.
02
0.
02
0.
02
0.
01
0.
01
0.
01
0.
01
0.
00
0.
00
0.
00
0.
53
0.
48
0.
52
K
2O
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
09
0.
01
0.
01
0.
00
0.
00
0.
02
0.
01
10
.3
9
10
.5
5
10
.3
5
To
ta
l
99
.9
8
99
.8
4
10
0.
32
10
0.
78
99
.8
2
10
0.
16
10
0.
33
10
0.
65
95
.5
2
95
.4
8
96
.0
6
98
.1
1
97
.8
5
93
.8
9
94
.3
5
94
.3
0
N
o.
 O
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.5
0
12
.5
0
12
.5
0
2.
00
2.
00
22
.0
0
22
.0
0
22
.0
0
Si
3.
04
3.
04
3.
04
3.
04
3.
04
3.
04
3.
06
3.
04
3.
14
3.
14
3.
11
0.
00
0.
00
6.
84
6.
91
6.
79
Ti
0.
00
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
1.
00
1.
00
0.
05
0.
05
0.
05
A
l
1.
91
1.
91
1.
91
1.
90
1.
92
1.
91
1.
91
1.
90
2.
35
2.
33
2.
40
0.
00
0.
00
4.
14
4.
04
4.
23
Fe
1.
90
1.
96
2.
02
1.
99
1.
93
1.
93
1.
97
1.
97
0.
67
0.
71
0.
66
0.
00
0.
00
0.
35
0.
35
0.
36
M
n
0.
02
0.
02
0.
03
0.
05
0.
13
0.
07
0.
04
0.
02
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
M
g
0.
28
0.
20
0.
19
0.
13
0.
10
0.
12
0.
14
0.
18
0.
01
0.
00
0.
01
0.
00
0.
00
0.
67
0.
69
0.
65
C
a
0.
85
0.
85
0.
79
0.
88
0.
87
0.
90
0.
84
0.
87
1.
99
1.
99
1.
99
0.
00
0.
00
0.
00
0.
00
0.
00
N
a
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
14
0.
13
0.
14
K
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
1.
81
1.
82
1.
79
To
ta
l
8.
00
7.
99
7.
99
8.
00
8.
00
7.
99
7.
98
8.
00
8.
17
8.
18
8.
18
1.
00
1.
00
14
.0
1
13
.9
9
14
.0
0
92
The University of Sydney, PhD Thesis, Adrianna Rajkumar, 2015.
12
G
EC
03
A
1
G
ar
ne
t
rim
co
re
rim
co
re
co
re
co
re
rim
rim
rim
rim
tra
ns
ec
t c
1–
1
c2
–3
c2
–5
c2
–6
c1
–6
c2
–1
c2
–2
c2
–7
Si
O
2
37
.8
2
37
.5
2
37
.3
6
37
.6
7
37
.4
9
37
.3
0
38
.1
2
37
.6
7
37
.9
7
37
.5
5
37
.4
5
37
.6
7
37
.9
9
37
.4
0
37
.9
0
37
.5
2
37
.2
9
Ti
O
2
0.
03
0.
14
0.
55
0.
34
0.
16
0.
14
0.
17
0.
17
0.
14
0.
10
0.
18
0.
14
0.
08
0.
07
0.
03
0.
10
0.
03
A
l 2O
3
21
.0
4
20
.8
7
20
.6
8
20
.6
0
20
.7
9
20
.7
5
21
.0
1
20
.7
4
20
.7
7
20
.7
4
20
.5
5
20
.7
0
20
.7
2
20
.8
6
20
.5
1
20
.6
7
21
.1
0
Fe
O
35
.8
5
33
.6
6
33
.2
5
32
.9
0
32
.8
0
32
.9
3
32
.6
2
32
.7
4
33
.5
5
34
.0
9
33
.1
6
33
.7
0
33
.4
8
33
.8
0
36
.0
6
33
.9
4
34
.8
8
M
nO
1.
04
1.
38
1.
54
1.
53
1.
68
1.
68
1.
60
1.
42
1.
35
1.
53
1.
66
1.
55
1.
63
1.
37
1.
13
1.
59
1.
36
M
gO
3.
04
1.
75
1.
23
0.
97
0.
89
0.
88
0.
88
0.
93
0.
97
1.
20
0.
97
1.
08
1.
38
1.
58
3.
07
1.
56
2.
15
C
aO
1.
48
4.
67
5.
18
6.
10
6.
23
6.
29
6.
30
6.
35
5.
95
5.
20
6.
08
5.
61
5.
23
4.
91
1.
50
4.
76
3.
15
N
a 2
O
0.
03
0.
02
0.
03
0.
03
0.
04
0.
00
0.
05
0.
04
0.
04
0.
01
0.
02
0.
03
0.
02
0.
01
0.
02
0.
04
0.
01
K
2O
0.
00
0.
02
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
00
To
ta
l
10
0.
32
10
0.
02
99
.8
2
10
0.
13
10
0.
07
99
.9
6
10
0.
75
10
0.
07
10
0.
74
10
0.
41
10
0.
08
10
0.
46
10
0.
53
99
.9
9
10
0.
21
10
0.
19
99
.9
6
N
o.
 O
 
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
Si
3.
03
3.
02
3.
02
3.
03
3.
02
3.
01
3.
04
3.
03
3.
04
3.
02
3.
02
3.
03
3.
04
3.
02
3.
04
3.
02
3.
01
Ti
0.
00
0.
01
0.
03
0.
02
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
00
0.
00
0.
00
0.
01
0.
00
A
l
1.
99
1.
98
1.
97
1.
95
1.
98
1.
98
1.
98
1.
97
1.
96
1.
97
1.
96
1.
96
1.
96
1.
98
1.
94
1.
96
2.
01
Fe
2.
40
2.
27
2.
24
2.
21
2.
21
2.
23
2.
18
2.
20
2.
24
2.
29
2.
24
2.
27
2.
24
2.
28
2.
42
2.
29
2.
35
M
n
0.
07
0.
09
0.
11
0.
10
0.
11
0.
12
0.
11
0.
10
0.
09
0.
10
0.
11
0.
11
0.
11
0.
09
0.
08
0.
11
0.
09
M
g
0.
36
0.
21
0.
15
0.
12
0.
11
0.
11
0.
11
0.
11
0.
12
0.
14
0.
12
0.
13
0.
16
0.
19
0.
37
0.
19
0.
26
C
a
0.
13
0.
40
0.
45
0.
53
0.
54
0.
54
0.
54
0.
55
0.
51
0.
45
0.
53
0.
48
0.
45
0.
42
0.
13
0.
41
0.
27
N
a
0.
01
0.
00
0.
00
0.
00
0.
01
0.
00
0.
01
0.
01
0.
01
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
00
K
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
To
ta
l
7.
98
7.
98
7.
97
7.
97
7.
98
7.
99
7.
96
7.
98
7.
97
7.
99
7.
99
7.
99
7.
97
7.
99
7.
98
7.
99
7.
99
12
G
EC
03
B
1-
2
G
ar
ne
t
rim
rim
co
re
co
re
co
re
co
re
co
re
co
re
co
re
co
re
co
re
rim
rim
rim
rim
c1
–1
c1
–2
c1
–3
c1
–4
c1
–5
c1
–6
c1
–7
c2
–3
c2
–4
c2
–5
c2
–6
c2
–7
c1
–8
c2
–1
c2
–2
Si
O
2
37
.5
1
37
.6
1
37
.8
9
37
.2
8
37
.4
3
37
.6
8
37
.8
1
37
.3
9
37
.2
4
37
.2
1
37
.8
6
37
.9
0
37
.6
7
37
.6
4
37
.5
2
Ti
O
2
0.
06
0.
07
0.
06
0.
07
0.
06
0.
07
0.
08
0.
08
0.
06
0.
09
0.
06
0.
07
0.
10
0.
06
0.
07
A
l 2O
3
21
.0
8
21
.0
2
20
.8
7
20
.8
4
20
.7
7
20
.7
4
20
.8
4
20
.9
7
20
.8
7
20
.7
2
20
.8
4
20
.8
4
20
.7
5
20
.9
9
20
.8
5
Fe
O
37
.1
5
36
.8
9
36
.8
8
37
.2
7
37
.5
4
37
.1
9
37
.2
8
38
.0
9
37
.8
8
37
.8
4
37
.8
3
37
.5
2
36
.9
0
36
.4
5
37
.4
2
M
nO
0.
16
0.
16
0.
23
0.
33
0.
31
0.
26
0.
16
0.
28
0.
52
0.
63
0.
30
0.
14
0.
12
0.
05
0.
12
M
gO
3.
48
3.
40
3.
21
3.
13
3.
05
3.
13
3.
53
2.
88
2.
53
2.
48
2.
87
3.
24
3.
40
3.
06
3.
20
C
aO
0.
68
0.
66
0.
79
0.
66
0.
66
0.
81
0.
81
0.
73
0.
87
0.
85
0.
81
0.
96
1.
01
1.
37
0.
83
N
a 2
O
0.
06
0.
06
0.
05
0.
06
0.
07
0.
06
0.
04
0.
04
0.
06
0.
06
0.
08
0.
03
0.
05
0.
01
0.
05
K
2O
0.
01
0.
01
0.
00
0.
00
0.
01
0.
00
0.
00
0.
00
0.
01
0.
00
0.
01
0.
00
0.
00
0.
00
0.
00
To
ta
l
10
0.
20
99
.8
9
10
0.
00
99
.6
3
99
.9
1
99
.9
4
10
0.
56
10
0.
47
10
0.
03
99
.8
8
10
0.
64
10
0.
71
10
0.
01
99
.6
3
10
0.
07
N
o.
 O
 
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
Si
3.
01
3.
02
3.
04
3.
01
3.
02
3.
03
3.
02
3.
01
3.
01
3.
02
3.
03
3.
03
3.
03
3.
03
3.
02
Ti
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
00
0.
00
0.
01
0.
00
0.
00
0.
01
0.
00
0.
00
A
l
1.
99
1.
99
1.
97
1.
99
1.
98
1.
97
1.
96
1.
99
1.
99
1.
98
1.
97
1.
96
1.
97
1.
99
1.
98
Fe
2.
49
2.
48
2.
48
2.
52
2.
53
2.
50
2.
49
2.
56
2.
56
2.
56
2.
53
2.
51
2.
48
2.
45
2.
52
M
n
0.
01
0.
01
0.
02
0.
02
0.
02
0.
02
0.
01
0.
02
0.
04
0.
04
0.
02
0.
01
0.
01
0.
00
0.
01
M
g
0.
42
0.
41
0.
38
0.
38
0.
37
0.
38
0.
42
0.
35
0.
30
0.
30
0.
34
0.
39
0.
41
0.
37
0.
38
C
a
0.
06
0.
06
0.
07
0.
06
0.
06
0.
07
0.
07
0.
06
0.
08
0.
07
0.
07
0.
08
0.
09
0.
12
0.
07
N
a
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
00
0.
01
0.
00
0.
01
K
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
To
ta
l
7.
99
7.
98
7.
97
7.
99
7.
99
7.
98
7.
99
8.
00
7.
99
7.
99
7.
98
7.
99
7.
99
7.
97
7.
99
93
The University of Sydney, PhD Thesis, Adrianna Rajkumar, 2015.
TS
O
1C
1
G
ar
ne
t
tra
ns
ec
t c
1–
1
rim
co
re
rim
Si
O
2
37
.9
5
38
.9
5
36
.6
7
36
.5
37
.2
8
36
.8
7
37
.2
5
36
.6
7
36
.2
4
36
.1
8
36
.1
4
36
.9
9
37
.8
2
38
.0
9
37
.0
8
36
.8
2
Ti
O
2
0.
03
0.
05
0.
06
0.
05
0.
12
0.
15
0.
19
0.
12
0.
13
0.
06
0.
13
0.
05
0.
05
0.
18
0.
11
0.
11
A
l 2O
3
22
.0
6
23
.1
21
.7
21
.6
2
21
.6
5
21
.3
8
21
.6
2
21
.5
5
20
.9
21
.0
7
20
.9
5
21
.6
22
.3
8
22
.2
5
20
.9
9
20
.7
6
Fe
O
25
.3
29
.4
8
31
.4
3
30
.3
5
26
.3
2
25
.1
4
23
.8
4
26
.7
9
31
.3
6
32
.3
7
31
.0
1
31
.2
5
25
.6
8
23
.1
30
.5
4
32
.0
1
M
nO
0.
27
0.
35
0.
4
0.
65
1.
02
2.
6
2.
49
1.
51
0.
91
0.
79
1.
3
0.
46
0.
25
0.
28
0.
8
0.
8
M
gO
7.
41
6.
96
4.
77
4.
19
4.
96
4.
2
4.
5
4.
48
1.
79
2.
04
1.
95
4.
73
7.
71
8.
2
2.
47
1.
69
C
aO
7.
78
5.
13
5.
83
7.
43
9.
36
9.
67
10
.7
3
9.
07
9.
13
8.
12
8.
59
6.
01
7.
39
8.
34
9.
01
9.
06
N
a 2
O
0
0.
08
0.
04
0.
02
0.
03
0.
02
0.
03
0.
03
0.
02
0.
01
0.
02
0.
03
0.
03
0.
01
0.
02
0.
03
K
2O
0
0.
02
0.
02
0.
01
0
0
0
0
0
0
0
0.
01
0
0
0
0
To
ta
l
10
0.
8
10
4.
12
10
0.
92
10
0.
82
10
0.
74
10
0.
03
10
0.
65
10
0.
22
10
0.
51
10
0.
66
10
0.
09
10
1.
14
10
1.
34
10
0.
47
10
1.
02
10
1.
28
N
o.
 O
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
Si
2.
92
2.
93
2.
90
2.
89
2.
92
2.
92
2.
92
2.
90
2.
92
2.
91
2.
92
2.
91
2.
90
2.
92
2.
95
2.
94
Ti
0.
00
0.
00
0.
00
0.
00
0.
01
0.
01
0.
01
0.
01
0.
01
0.
00
0.
01
0.
00
0.
00
0.
01
0.
01
0.
01
A
l
2.
00
2.
05
2.
02
2.
02
2.
00
1.
99
2.
00
2.
01
1.
98
2.
00
1.
99
2.
01
2.
02
2.
01
1.
97
1.
96
Fe
1.
63
1.
85
2.
08
2.
01
1.
72
1.
66
1.
56
1.
77
2.
11
2.
18
2.
09
2.
06
1.
65
1.
48
2.
03
2.
14
M
n
0.
02
0.
02
0.
03
0.
04
0.
07
0.
17
0.
17
0.
10
0.
06
0.
05
0.
09
0.
03
0.
02
0.
02
0.
05
0.
05
M
g
0.
85
0.
78
0.
56
0.
49
0.
58
0.
50
0.
53
0.
53
0.
21
0.
24
0.
23
0.
56
0.
88
0.
94
0.
29
0.
20
C
a
0.
64
0.
41
0.
49
0.
63
0.
78
0.
82
0.
90
0.
77
0.
79
0.
70
0.
74
0.
51
0.
61
0.
68
0.
77
0.
78
N
a
0.
00
0.
01
0.
01
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
K
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
To
ta
l
8.
07
8.
06
8.
09
8.
10
8.
08
8.
08
8.
08
8.
09
8.
09
8.
09
8.
08
8.
08
8.
09
8.
06
8.
07
8.
08
13
TS
O
1C
1
G
ar
ne
t
rim
co
re
rim
rim
Si
O
2
37
.6
1
37
.5
7
36
.6
4
36
.6
2
37
.1
8
36
.9
4
37
.0
5
36
.9
5
37
.1
7
37
.2
1
36
.7
6
38
.1
4
36
.9
8
37
.2
8
38
.4
1
38
.2
2
37
.5
2
36
.9
9
Ti
O
2
0.
11
0.
03
0.
13
0.
04
0.
13
0.
05
0.
15
0.
10
0.
12
0.
09
0.
05
0.
08
0.
11
0.
05
0.
02
0.
03
0.
03
0.
1
A
l 2O
3
21
.8
3
21
.7
1
20
.7
9
20
.9
8
21
.0
4
20
.9
8
20
.8
9
20
.9
4
20
.8
1
20
.9
9
20
.8
4
21
.2
4
20
.8
3
21
.3
2
22
.1
5
22
.0
7
21
.5
1
21
Fe
O
26
.2
9
26
.2
9
31
.0
7
31
.5
5
28
.4
2
30
.6
3
28
.2
4
30
.1
0
28
.2
4
27
.7
4
29
.1
8
28
.1
1
29
.8
0
30
.9
5
23
.6
3
26
.2
8
30
.4
5
31
.2
9
M
nO
0.
28
0.
31
0.
58
0.
59
0.
97
0.
76
0.
75
0.
78
0.
65
0.
68
0.
86
0.
82
0.
70
0.
30
0.
31
0.
3
0.
34
0.
47
M
gO
6.
12
6.
01
2.
06
2.
49
3.
73
3.
13
3.
29
2.
53
3.
10
3.
36
2.
15
2.
82
2.
63
4.
18
7.
96
6.
77
5.
06
2.
85
C
aO
8.
25
7.
92
9.
18
8.
11
9.
07
8.
07
9.
96
9.
16
10
.6
6
10
.1
1
10
.3
6
10
.0
4
9.
58
6.
77
8.
04
7.
61
6.
13
8.
14
N
a 2
O
0.
03
0.
01
0.
01
0.
01
0.
03
0.
00
0.
01
0.
02
0.
00
0.
00
0.
01
0.
53
0.
02
0.
01
0.
01
0.
02
0.
01
0.
02
K
2O
0.
01
0.
00
0.
00
0.
00
0.
01
0.
01
0.
00
0.
00
0.
00
0.
00
0.
01
0.
01
0.
00
0.
00
0.
00
0
0.
01
0
To
ta
l
10
0.
53
99
.8
5
10
0.
46
10
0.
39
10
0.
58
10
0.
57
10
0.
34
10
0.
58
10
0.
75
10
0.
18
10
0.
22
10
1.
79
10
0.
65
10
0.
86
10
0.
53
10
1.
30
10
1.
06
10
0.
86
N
o.
 O
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
12
12
Si
2.
93
2.
94
2.
94
2.
94
2.
94
2.
94
2.
94
2.
95
2.
94
2.
95
2.
94
2.
98
2.
94
2.
94
2.
94
2.
94
2.
94
2.
94
Ti
0.
01
0.
00
0.
01
0.
00
0.
01
0.
00
0.
01
0.
01
0.
01
0.
01
0.
00
0.
00
0.
01
0.
00
0.
00
0.
00
0.
00
0.
01
A
l
2.
00
2.
00
1.
97
1.
98
1.
96
1.
97
1.
96
1.
97
1.
94
1.
96
1.
97
1.
96
1.
96
1.
99
2.
00
2.
00
1.
99
1.
97
Fe
1.
71
1.
72
2.
08
2.
11
1.
88
2.
04
1.
88
2.
01
1.
87
1.
84
1.
95
1.
84
1.
98
2.
04
1.
51
1.
69
2.
00
2.
08
M
n
0.
02
0.
02
0.
04
0.
04
0.
07
0.
05
0.
05
0.
05
0.
04
0.
05
0.
06
0.
05
0.
05
0.
02
0.
02
0.
02
0.
02
0.
03
M
g
0.
71
0.
70
0.
25
0.
30
0.
44
0.
37
0.
39
0.
30
0.
37
0.
40
0.
26
0.
33
0.
31
0.
49
0.
91
0.
78
0.
59
0.
34
C
a
0.
69
0.
66
0.
79
0.
70
0.
77
0.
69
0.
85
0.
78
0.
90
0.
86
0.
89
0.
84
0.
82
0.
57
0.
66
0.
63
0.
52
0.
69
N
a
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
08
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
K
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
To
ta
l
8.
07
8.
06
8.
07
8.
07
8.
07
8.
07
8.
07
8.
07
8.
08
8.
06
8.
07
8.
08
8.
07
8.
06
8.
05
8.
06
8.
06
8.
07
94
The University of Sydney, PhD Thesis, Adrianna Rajkumar, 2015.
TS
O
1C
1
G
ar
ne
t
tra
ns
ec
t c
1–
11
rim
co
re
rim
rim
Si
O
2
37
.8
8
37
.7
1
37
.2
2
37
.5
36
.9
6
36
.8
37
.2
6
37
.2
4
36
.9
9
36
.8
3
36
.8
4
37
.3
2
36
.8
7
36
.9
2
37
.1
4
36
.9
5
37
.3
4
37
.1
1
Ti
O
2
0.
06
0.
86
0.
15
0.
23
0.
15
0.
06
0.
12
0.
17
0.
14
0.
09
0.
1
0.
06
0.
11
0.
12
0.
1
0.
14
0.
12
0.
11
A
l 2O
3
21
.6
8
21
.3
1
21
.0
5
20
.8
9
20
.7
5
20
.9
21
.1
9
21
.0
2
20
.8
20
.9
1
21
.0
9
21
.4
6
20
.7
8
20
.8
9
20
.7
3
20
.6
8
20
.9
4
21
.1
5
Fe
O
29
.8
1
27
.9
9
30
.5
1
29
.7
1
31
.4
28
.7
29
.1
7
30
.4
8
30
.8
1
30
.9
9
31
.2
5
31
.6
9
31
.3
9
31
.1
29
.6
29
.7
29
.4
30
.5
1
M
nO
0.
3
0.
47
0.
79
0.
56
0.
81
1.
31
0.
94
0.
74
0.
75
1.
06
0.
49
0.
26
0.
9
0.
84
0.
86
0.
9
0.
74
0.
66
M
gO
5.
68
5.
11
2.
56
3.
14
1.
68
3.
16
2.
38
2.
94
2.
45
2.
5
2.
71
4.
82
1.
58
2.
06
3.
13
2.
69
3.
38
3.
2
C
aO
6.
12
8.
13
8.
86
9.
58
9.
2
9.
12
10
.0
8
9.
05
9.
1
8.
39
8.
07
5.
73
8.
9
9.
15
9.
09
9.
36
9.
05
8.
63
N
a 2
O
0.
02
0.
02
0.
02
0.
03
0.
04
0.
05
0.
01
0.
03
0.
03
0.
02
0.
02
0.
02
0.
02
0
0.
02
0.
01
0.
03
0.
02
K
2O
0
0.
01
0.
01
0.
01
0
0.
04
0.
01
0
0
0
0
0
0
0
0
0.
01
0
0
To
ta
l
10
1.
55
10
1.
61
10
1.
17
10
1.
71
10
0.
99
10
0.
14
10
1.
16
10
1.
67
10
1.
07
10
0.
79
10
0.
57
10
1.
36
10
0.
55
10
1.
08
10
0.
67
10
0.
44
10
1.
00
10
1.
39
N
o.
 O
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
Si
2.
94
2.
93
2.
95
2.
95
2.
95
2.
94
2.
95
2.
94
2.
94
2.
94
2.
94
2.
93
2.
96
2.
94
2.
95
2.
95
2.
95
2.
93
Ti
0.
00
0.
05
0.
01
0.
01
0.
01
0.
00
0.
01
0.
01
0.
01
0.
01
0.
01
0.
00
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
A
l
1.
99
1.
95
1.
97
1.
94
1.
96
1.
97
1.
98
1.
96
1.
95
1.
97
1.
98
1.
99
1.
97
1.
96
1.
94
1.
95
1.
95
1.
97
Fe
1.
94
1.
82
2.
02
1.
95
2.
10
1.
92
1.
93
2.
01
2.
05
2.
07
2.
09
2.
08
2.
11
2.
07
1.
97
1.
98
1.
94
2.
02
M
n
0.
02
0.
03
0.
05
0.
04
0.
05
0.
09
0.
06
0.
05
0.
05
0.
07
0.
03
0.
02
0.
06
0.
06
0.
06
0.
06
0.
05
0.
04
M
g
0.
66
0.
59
0.
30
0.
37
0.
20
0.
38
0.
28
0.
35
0.
29
0.
30
0.
32
0.
56
0.
19
0.
24
0.
37
0.
32
0.
40
0.
38
C
a
0.
51
0.
68
0.
75
0.
81
0.
79
0.
78
0.
85
0.
76
0.
78
0.
72
0.
69
0.
48
0.
77
0.
78
0.
77
0.
80
0.
77
0.
73
N
a
0.
00
0.
00
0.
00
0.
00
0.
01
0.
01
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
K
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
To
ta
l
8.
06
8.
05
8.
06
8.
07
8.
06
8.
08
8.
06
8.
08
8.
07
8.
07
8.
06
8.
07
8.
05
8.
07
8.
07
8.
07
8.
07
8.
08
TS
O
1C
1
C
lin
op
yr
ox
en
e
in
cl
us
io
n
c1
–4
c1
–5
c1
–7
c1
–1
1
c1
–1
4
c1
–1
5
c1
–9
c1
–1
4
c1
–6
c1
–1
6
c2
–2
5
c2
–3
1
c2
–3
2
c3
–4
4
c3
–4
8
c2
–1
1
c2
–1
3
c2
–1
4
c3
–1
5
Si
O
2
57
56
.6
5
55
.8
4
56
.5
3
56
.1
2
56
.5
5
55
.6
2
52
.2
1
54
.2
9
56
.0
7
56
.0
1
55
.5
7
56
.0
6
53
.2
5
54
.6
55
.1
9
55
.2
9
55
.9
4
55
.3
3
Ti
O
2
0.
03
0.
04
0.
06
0.
04
0.
08
0.
06
0.
04
0.
05
0.
05
0
0.
03
0.
06
0.
06
0.
08
0.
04
0
0.
05
0
0.
05
A
l 2O
3
11
.1
6
10
.4
7.
18
9.
21
10
.1
2
11
.0
6
10
.9
5
9.
3
8.
53
11
.2
8
10
.7
5
9.
93
10
.5
1
7.
45
9.
08
8.
86
9.
75
10
.0
8
9.
19
Fe
O
4.
72
6.
18
7.
07
7.
19
6.
6
6.
27
6.
36
9.
83
6.
67
4.
9
5.
29
6.
15
6.
22
6.
91
5.
87
6.
6
6.
04
3.
97
6.
12
M
nO
0.
01
0
0.
02
0.
02
0
0
0.
01
0
0
0
0
0
0
0
0
0
0
0
0
M
gO
8.
21
7.
82
9.
77
8.
19
7.
68
7.
33
7.
1
10
.6
1
9.
1
7.
58
7.
94
7.
92
7.
49
17
.0
8
8.
73
8.
21
7.
98
8.
94
8.
34
C
aO
12
.4
3
11
.7
1
14
.9
7
12
.4
2
11
.9
7
11
.0
9
11
.2
4
13
.3
9
14
.4
2
11
.6
9
12
.1
7
12
.4
5
11
.7
2
8.
3
13
.7
1
13
.1
2
12
.9
7
14
.1
2
13
.3
9
N
a 2
O
7.
26
7.
56
5.
58
7.
13
7.
52
7.
92
7.
79
4.
92
6.
27
8.
05
7.
74
7.
44
7.
64
3.
68
6.
93
7.
08
7.
26
6.
54
6.
71
K
2O
0
0.
02
0
0
0.
02
0
0
0.
02
0
0
0
0
0
0.
13
0
0
0
0
0
To
ta
l
10
0.
82
10
0.
38
10
0.
51
10
0.
73
10
0.
15
10
0.
31
99
.1
5
10
0.
33
99
.3
3
99
.6
1
10
0
99
.5
8
99
.7
96
.8
8
98
.9
6
99
.1
2
99
.3
8
99
.5
9
99
.1
3
N
o.
 O
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
Si
2.
01
2.
02
2.
01
2.
02
2.
01
2.
01
2.
01
1.
91
1.
98
2.
00
2.
00
2.
00
2.
01
1.
95
1.
99
2.
01
2.
00
2.
00
2.
01
Ti
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
A
l
0.
46
0.
44
0.
31
0.
39
0.
43
0.
46
0.
47
0.
40
0.
37
0.
48
0.
45
0.
42
0.
44
0.
32
0.
39
0.
38
0.
42
0.
42
0.
39
Fe
0.
14
0.
18
0.
21
0.
21
0.
20
0.
19
0.
19
0.
30
0.
20
0.
15
0.
16
0.
19
0.
19
0.
21
0.
18
0.
20
0.
18
0.
12
0.
19
M
n
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
M
g
0.
43
0.
42
0.
53
0.
44
0.
41
0.
39
0.
38
0.
58
0.
50
0.
40
0.
42
0.
43
0.
40
0.
93
0.
47
0.
45
0.
43
0.
48
0.
45
C
a
0.
47
0.
45
0.
58
0.
48
0.
46
0.
42
0.
43
0.
52
0.
56
0.
45
0.
47
0.
48
0.
45
0.
33
0.
54
0.
51
0.
50
0.
54
0.
52
N
a
0.
50
0.
52
0.
39
0.
49
0.
52
0.
55
0.
55
0.
35
0.
44
0.
56
0.
54
0.
52
0.
53
0.
26
0.
49
0.
50
0.
51
0.
45
0.
47
K
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
00
0.
00
0.
00
0.
00
0.
00
To
ta
l
4.
01
4.
02
4.
03
4.
03
4.
03
4.
03
4.
03
4.
06
4.
06
4.
04
4.
04
4.
04
4.
03
4.
02
4.
06
4.
05
4.
04
4.
01
4.
03
95
The University of Sydney, PhD Thesis, Adrianna Rajkumar, 2015.
13
TS
O
1C
1
A
m
ph
ib
ol
e
in
cl
us
io
n
in
cl
us
io
n
in
cl
us
io
n
in
cl
us
io
n
co
re
rim
in
cl
us
io
n
in
cl
us
io
n
in
cl
us
io
n
in
cl
us
io
n
c2
–9
c2
–1
0
c2
–1
2
c2
–7
c2
–9
c2
–1
0
c2
–1
3
c2
–1
6
c1
–1
3
c1
–7
c1
–1
0
c1
–5
c1
–6
c1
–7
c1
–1
2
c1
–1
6
c2
–4
c2
–5
c2
–9
Si
O
2
52
.9
2
52
.7
7
46
.3
3
41
.9
1
40
.6
9
42
.0
5
40
.9
8
40
.7
1
40
.1
8
50
.6
9
52
.3
9
52
.7
9
53
.0
5
52
.3
1
40
.7
9
40
.7
8
38
.1
5
39
.5
7
53
.2
4
Ti
O
2
0.
12
0.
11
0.
07
0.
07
0.
84
0.
52
0.
4
0.
12
0.
35
0.
09
0.
13
0.
09
0.
1
0.
11
0.
90
0.
09
0.
05
0.
10
0.
08
A
l 2O
3
7.
82
7.
42
13
.3
8
15
.1
17
.0
4
13
.8
3
13
.9
4
19
.3
7
15
.9
3
10
.8
5
8.
68
8.
56
6.
76
8.
6
14
.3
8
17
.3
5
16
.6
9
17
.3
0
7.
61
Fe
O
6.
87
6.
55
15
.0
8
19
.7
8
20
.8
1
20
.0
9
23
.9
6
13
.0
8
17
.1
8
10
.0
6
7.
84
7.
68
7.
2
7.
74
25
.5
8
18
.2
9
24
.0
1
22
.1
2
7.
52
M
nO
0
0
0.
06
0.
16
0.
15
0.
35
0.
33
0.
06
0.
08
0
0
0.
06
0.
05
0.
03
0.
14
0.
06
0.
45
0.
28
0.
05
M
gO
16
.2
8
16
.7
3
9.
76
6.
68
4.
7
7.
02
4.
38
9.
21
8.
9
13
.9
2
15
.9
1
16
.1
8
17
.7
5
15
.6
3
3.
91
13
.1
5
4.
90
4.
96
16
.7
0
C
aO
8.
44
8.
49
7.
23
9.
61
7.
74
8.
66
7.
66
9.
18
9.
1
7.
12
8.
78
7.
48
8.
72
8.
26
7.
40
1.
82
8.
90
8.
23
8.
06
N
a 2
O
3.
27
3.
44
4.
64
3.
61
4.
71
4
4.
81
4.
66
4.
6
4.
23
3.
65
3.
81
3.
06
3.
42
4.
72
5.
17
4.
14
4.
31
3.
41
K
2O
0.
09
0.
1
0.
18
0.
07
0.
12
0.
14
0.
07
0.
45
0.
13
0.
17
0.
14
0.
14
0.
15
0.
13
0.
02
0.
63
0.
23
0.
28
0.
13
To
ta
l
95
.8
1
95
.6
1
96
.7
3
96
.9
9
96
.8
96
.6
6
96
.5
3
96
.8
4
96
.4
5
97
.1
3
97
.5
2
96
.8
4
96
.8
4
96
.2
3
97
.8
4
97
.3
4
97
.5
2
97
.1
5
96
.8
0
N
o.
 O
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
Si
7.
51
7.
50
6.
83
6.
38
6.
23
6.
44
6.
41
6.
03
6.
12
7.
21
7.
36
7.
44
7.
48
7.
42
6.
33
6.
06
5.
95
6.
10
7.
50
Ti
0.
01
0.
01
0.
01
0.
01
0.
10
0.
06
0.
05
0.
01
0.
04
0.
01
0.
01
0.
01
0.
01
0.
01
0.
11
0.
01
0.
01
0.
01
0.
01
A
l
1.
31
1.
24
2.
33
2.
71
3.
08
2.
50
2.
57
3.
38
2.
86
1.
82
1.
44
1.
42
1.
12
1.
44
2.
63
3.
04
3.
07
3.
14
1.
26
Fe
0.
81
0.
78
1.
86
2.
52
2.
66
2.
57
3.
14
1.
62
2.
19
1.
20
0.
92
0.
90
0.
85
0.
92
3.
32
2.
27
3.
13
2.
85
0.
89
M
n
0.
00
0.
00
0.
01
0.
02
0.
02
0.
05
0.
04
0.
01
0.
01
0.
00
0.
00
0.
01
0.
01
0.
00
0.
02
0.
01
0.
06
0.
04
0.
01
M
g
3.
44
3.
55
2.
15
1.
52
1.
07
1.
60
1.
02
2.
03
2.
02
2.
95
3.
33
3.
40
3.
73
3.
31
0.
90
2.
92
1.
14
1.
14
3.
51
C
a
1.
28
1.
29
1.
14
1.
57
1.
27
1.
42
1.
28
1.
46
1.
48
1.
09
1.
32
1.
13
1.
32
1.
26
1.
23
0.
29
1.
49
1.
36
1.
22
N
a
0.
90
0.
95
1.
33
1.
07
1.
40
1.
19
1.
46
1.
34
1.
36
1.
17
0.
99
1.
04
0.
84
0.
94
1.
42
1.
49
1.
25
1.
29
0.
93
K
0.
02
0.
02
0.
03
0.
01
0.
02
0.
03
0.
01
0.
09
0.
03
0.
03
0.
03
0.
03
0.
03
0.
02
0.
00
0.
12
0.
05
0.
06
0.
02
To
ta
l
15
.2
8
15
.3
5
15
.6
8
15
.8
0
15
.8
5
15
.8
6
15
.9
9
15
.9
7
16
.1
0
15
.4
7
15
.4
1
15
.3
8
15
.3
8
15
.3
3
15
.9
6
16
.2
1
16
.1
5
15
.9
9
15
.3
4
13
TS
O
1C
1
Ta
lc
A
m
ph
ib
ol
e
co
re
rim
c1
–1
9
c1
–5
c1
–6
c1
–7
c2
–9
c1
–7
c1
–1
0
Si
O
2
58
.5
1
61
.4
61
.4
9
53
.2
6
52
.7
9
53
.0
5
52
.3
1
53
.2
4
50
.6
9
52
.3
9
Ti
O
2
0.
03
0.
01
0.
02
0.
15
0.
09
0.
10
0.
11
0.
08
0.
09
0.
13
A
l 2O
3
1.
13
1.
03
0.
92
9.
45
8.
56
6.
76
8.
60
7.
61
10
.8
5
8.
68
Fe
O
5.
03
4.
48
4.
34
8.
37
7.
68
7.
20
7.
74
7.
52
10
.0
6
7.
84
M
nO
0.
02
0
0
0.
03
0.
06
0.
05
0.
03
0.
05
0.
00
0.
00
M
gO
27
.5
6
28
.2
1
28
.2
7
15
.1
5
16
.1
8
17
.7
5
15
.6
3
16
.7
0
13
.9
2
15
.9
1
C
aO
0.
18
0.
04
0.
03
7.
04
7.
48
8.
72
8.
26
8.
06
7.
12
8.
78
N
a 2
O
0.
18
0.
22
0.
21
4.
15
3.
81
3.
06
3.
42
3.
41
4.
23
3.
65
K
2O
0.
03
0.
01
0
0.
15
0.
14
0.
15
0.
13
0.
13
0.
17
0.
14
To
ta
l
92
.6
7
95
.4
95
.3
97
.7
7
96
.8
4
96
.8
4
96
.2
3
96
.8
0
97
.1
3
97
.5
2
N
o.
 O
22
22
22
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
Si
7.
81
7.
91
7.
93
7.
44
7.
44
7.
48
7.
42
7.
50
7.
21
7.
36
Ti
0.
00
0.
00
0.
00
0.
02
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
A
l
0.
18
0.
16
0.
14
1.
56
1.
42
1.
12
1.
44
1.
26
1.
82
1.
44
Fe
0.
56
0.
48
0.
47
0.
98
0.
90
0.
85
0.
92
0.
89
1.
20
0.
92
M
n
0.
00
0.
00
0.
00
0.
00
0.
01
0.
01
0.
00
0.
01
0.
00
0.
00
M
g
5.
49
5.
42
5.
43
3.
15
3.
40
3.
73
3.
31
3.
51
2.
95
3.
33
C
a
0.
03
0.
01
0.
00
1.
05
1.
13
1.
32
1.
26
1.
22
1.
09
1.
32
N
a
0.
05
0.
05
0.
05
1.
12
1.
04
0.
84
0.
94
0.
93
1.
17
0.
99
K
0.
01
0.
00
0.
00
0.
03
0.
03
0.
03
0.
02
0.
02
0.
03
0.
03
To
ta
l
14
.1
2
14
.0
4
14
.0
3
15
.3
5
15
.3
8
15
.3
8
15
.3
3
15
.3
4
15
.4
7
15
.4
1
96
The University of Sydney, PhD Thesis, Adrianna Rajkumar, 2015.
13
TS
O
1C
1
Pa
ra
go
ni
te
c2
–1
c2
–2
c2
–3
c2
–4
c2
–5
c1
–1
c1
–2
c1
–4
c1
–5
c1
–1
8
c1
–1
9
c1
–2
0
Si
O
2
46
.1
4
46
.5
2
46
.4
7
46
.6
4
45
.8
2
47
.0
9
45
.5
8
46
.0
6
46
.9
0
47
.0
9
46
.5
2
47
.0
8
46
.5
9
46
.8
8
46
.3
5
46
.7
7
46
.6
0
45
.8
3
46
.2
6
46
.8
6
46
.3
3
Ti
O
2
0.
06
0.
09
0.
12
0.
07
0.
09
0.
09
0.
06
0.
09
0.
09
0.
14
0.
07
0.
07
0.
05
0.
05
0.
07
0.
06
0.
09
0.
05
0.
07
0.
10
0.
18
A
l 2O
3
40
.3
9
39
.0
0
40
.8
4
40
.2
8
40
.4
5
40
.6
2
40
.5
1
40
.9
9
41
.2
6
41
.3
2
41
.7
7
41
.6
2
41
.5
3
41
.5
0
41
.2
4
41
.2
8
40
.3
9
41
.2
8
40
.7
4
41
.1
1
41
.2
0
Fe
O
0.
36
0.
54
0.
39
0.
32
0.
28
0.
35
0.
32
0.
55
0.
61
0.
33
0.
35
0.
37
0.
34
0.
24
0.
26
0.
29
0.
34
0.
26
0.
32
0.
31
0.
33
M
nO
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
M
gO
0.
25
0.
54
0.
27
0.
38
0.
23
0.
47
0.
21
0.
45
0.
36
0.
57
0.
34
0.
25
0.
22
0.
25
0.
34
0.
35
0.
56
0.
36
0.
49
0.
52
0.
48
Ca
O
0.
32
0.
28
0.
31
0.
33
0.
31
0.
28
0.
34
0.
32
0.
34
0.
23
0.
31
0.
33
0.
31
0.
31
0.
33
0.
35
0.
28
0.
32
0.
31
0.
28
0.
36
N
a 2
O
7.
50
6.
71
7.
59
6.
98
7.
47
7.
07
7.
23
8.
22
7.
78
7.
93
7.
84
7.
35
7.
57
7.
82
7.
25
7.
19
7.
00
7.
87
7.
54
8.
12
7.
33
K
2O
0.
80
1.
66
0.
82
1.
13
0.
74
1.
59
0.
55
0.
45
0.
24
0.
47
0.
48
0.
86
0.
60
0.
48
1.
19
1.
09
1.
64
0.
91
1.
24
0.
52
1.
31
To
ta
l
95
.8
2
95
.3
4
96
.8
1
96
.1
3
95
.3
9
97
.5
6
94
.8
0
97
.1
7
97
.5
8
98
.0
8
97
.6
8
97
.9
3
97
.2
1
97
.5
3
97
.0
3
97
.3
8
96
.9
0
96
.8
8
97
.0
4
97
.8
2
97
.5
2
N
o.
 O
22
.0
0
22
.0
0
22
.0
0
22
.0
0
22
.0
0
22
.0
0
22
.0
0
22
.0
0
22
.0
0
22
.0
0
22
.0
0
22
.0
0
22
.0
0
22
.0
0
22
.0
0
22
.0
0
22
.0
0
22
.0
0
22
.0
0
22
.0
0
22
.0
0
Si
5.
88
5.
98
5.
87
5.
92
5.
86
5.
91
5.
86
5.
81
5.
86
5.
86
5.
81
5.
87
5.
84
5.
86
5.
84
5.
86
5.
89
5.
79
5.
84
5.
85
5.
82
Ti
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
00
0.
00
0.
01
0.
01
0.
01
0.
00
0.
01
0.
01
0.
02
A
l
6.
07
5.
91
6.
08
6.
03
6.
10
6.
01
6.
14
6.
09
6.
08
6.
06
6.
15
6.
11
6.
14
6.
12
6.
13
6.
10
6.
02
6.
15
6.
07
6.
06
6.
10
Fe
0.
04
0.
06
0.
04
0.
03
0.
03
0.
04
0.
03
0.
06
0.
06
0.
03
0.
04
0.
04
0.
04
0.
03
0.
03
0.
03
0.
04
0.
03
0.
03
0.
03
0.
03
M
n
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
M
g
0.
05
0.
10
0.
05
0.
07
0.
04
0.
09
0.
04
0.
08
0.
07
0.
11
0.
06
0.
05
0.
04
0.
05
0.
06
0.
07
0.
11
0.
07
0.
09
0.
10
0.
09
Ca
0.
04
0.
04
0.
04
0.
04
0.
04
0.
04
0.
05
0.
04
0.
05
0.
03
0.
04
0.
04
0.
04
0.
04
0.
04
0.
05
0.
04
0.
04
0.
04
0.
04
0.
05
N
a
1.
85
1.
67
1.
86
1.
72
1.
85
1.
72
1.
80
2.
01
1.
89
1.
91
1.
90
1.
78
1.
84
1.
89
1.
77
1.
75
1.
72
1.
93
1.
85
1.
97
1.
79
K
0.
13
0.
27
0.
13
0.
18
0.
12
0.
25
0.
09
0.
07
0.
04
0.
07
0.
08
0.
14
0.
10
0.
08
0.
19
0.
17
0.
26
0.
15
0.
20
0.
08
0.
21
To
ta
l
14
.0
7
14
.0
3
14
.0
8
14
.0
1
14
.0
6
14
.0
6
14
.0
1
14
.1
8
14
.0
5
14
.0
9
14
.0
9
14
.0
3
14
.0
5
14
.0
6
14
.0
7
14
.0
4
14
.0
8
14
.1
6
14
.1
4
14
.1
3
14
.11
13
TS
O
1C
1
M
us
co
vi
te
Ep
id
ot
e
in
cl
us
io
n
in
cl
us
io
n
in
cl
us
io
n
Zo
isi
te
Pa
ra
go
ni
te
c1
–1
3
c1
–1
4
c3
–4
9
c2
–1
c2
–2
c1
–1
9
c2
–1
c2
–6
c2
–7
c2
–8
c2
–2
2
c2
–2
3
c2
–3
0
c2
–6
c2
–8
c2
–1
5
c2
–3
3
c2
–3
4
c3
–3
8
c1
–8
Si
O
2
51
.0
5
48
.1
9
49
.8
0
39
.1
9
36
.8
9
38
.3
2
38
.2
3
38
.6
2
38
.7
4
38
.3
0
38
.3
5
38
.2
5
38
.1
5
38
.2
7
38
.0
5
38
.0
4
46
.1
4
45
.9
9
46
.3
6
46
.5
8
Ti
O
2
0.
36
0.
35
0.
23
0.
00
0.
06
0.
12
0.
09
0.
13
0.
15
0.
12
0.
12
0.
16
0.
10
0.
14
0.
13
0.
13
0.
07
0.
20
0.
18
0.
10
A
l 2O
3
26
.4
4
29
.2
8
29
.3
0
27
.4
6
25
.9
6
30
.1
7
29
.7
1
29
.1
1
29
.2
1
29
.2
1
29
.5
4
29
.3
9
29
.9
7
29
.5
4
29
.2
3
29
.3
1
41
.9
7
41
.6
1
40
.6
6
39
.9
0
Fe
O
1.
33
1.
37
1.
16
7.
08
8.
96
4.
58
4.
83
4.
53
4.
80
4.
53
4.
31
4.
84
4.
43
4.
71
5.
24
5.
33
0.
33
0.
35
1.
45
0.
54
M
nO
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
08
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
04
0.
00
0.
00
0.
00
0.
00
0.
00
M
gO
5.
10
4.
03
3.
94
0.
00
0.
07
0.
18
0.
21
0.
23
0.
23
0.
23
0.
18
0.
26
0.
18
0.
22
0.
21
0.
22
0.
24
0.
27
0.
24
0.
48
Ca
O
0.
05
0.
03
0.
00
23
.7
6
22
.0
7
23
.9
4
24
.0
7
24
.0
5
23
.5
8
23
.9
4
23
.8
4
23
.4
9
23
.9
3
24
.0
7
23
.8
7
23
.6
2
0.
35
0.
36
0.
16
0.
24
N
a 2
O
0.
41
0.
88
0.
84
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
02
0.
01
0.
01
7.
43
7.
46
8.
16
6.
38
K
2O
11
.2
6
10
.7
3
10
.4
1
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
87
1.
00
0.
25
1.
58
To
ta
l
96
.0
0
94
.9
4
95
.7
6
97
.4
9
94
.0
1
97
.3
6
97
.2
2
96
.6
7
96
.7
1
96
.3
3
96
.3
4
96
.3
9
96
.7
6
96
.9
7
96
.7
8
96
.6
6
97
.4
0
97
.2
9
97
.4
6
95
.8
0
N
o.
 O
22
.0
0
22
.0
0
22
.0
0
12
.5
0
12
.5
0
12
.5
0
12
.5
0
12
.5
0
12
.5
0
12
.5
0
12
.5
0
12
.5
0
12
.5
0
12
.5
0
12
.5
0
12
.5
0
22
.0
0
22
.0
0
22
.0
0
22
.0
0
Si
6.
78
6.
48
6.
59
3.
09
3.
05
2.
99
3.
00
3.
04
3.
05
3.
03
3.
02
3.
02
3.
00
3.
01
3.
00
3.
01
5.
79
5.
79
5.
84
5.
94
Ti
0.
04
0.
04
0.
02
0.
00
0.
00
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
02
0.
02
0.
01
A
l
4.
14
4.
64
4.
58
2.
56
2.
53
2.
78
2.
75
2.
70
2.
71
2.
72
2.
75
2.
74
2.
78
2.
74
2.
72
2.
73
6.
21
6.
17
6.
04
6.
00
Fe
0.
15
0.
15
0.
13
0.
47
0.
62
0.
30
0.
32
0.
30
0.
32
0.
30
0.
28
0.
32
0.
29
0.
31
0.
35
0.
35
0.
03
0.
04
0.
15
0.
06
M
n
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
M
g
1.
01
0.
81
0.
78
0.
00
0.
01
0.
02
0.
02
0.
03
0.
03
0.
03
0.
02
0.
03
0.
02
0.
03
0.
02
0.
03
0.
04
0.
05
0.
05
0.
09
Ca
0.
01
0.
00
0.
00
2.
01
1.
96
2.
00
2.
02
2.
03
1.
99
2.
03
2.
01
1.
99
2.
01
2.
03
2.
02
2.
00
0.
05
0.
05
0.
02
0.
03
N
a
0.
11
0.
23
0.
22
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
1.
81
1.
82
1.
99
1.
58
K
1.
91
1.
84
1.
76
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
14
0.
16
0.
04
0.
26
To
ta
l
14
.1
3
14
.2
0
14
.0
8
8.
13
8.
18
8.
11
8.
12
8.
10
8.
09
8.
11
8.
10
8.
10
8.
11
8.
12
8.
13
8.
12
14
.0
8
14
.1
0
14
.1
4
13
.9
7
97
The University of Sydney, PhD Thesis, Adrianna Rajkumar, 2015.
TS
O
8A
1
G
ar
ne
t
tra
ns
ec
t c
1
tra
ns
ec
t c
1–
1
rim
co
re
rim
rim
co
re
Si
O
2
37
.8
3
37
.3
9
39
.3
5
37
.4
1
35
.8
3
36
.9
5
37
.2
4
37
.4
7
37
.1
4
38
.3
1
37
.8
7
37
.6
4
37
.5
9
37
.6
0
37
.7
6
37
.7
3
42
.0
9
37
.6
9
38
.3
2
37
.8
0
Ti
O
2
0.
02
0.
09
0.
20
0.
15
0.
06
0.
03
0.
08
0.
07
0.
21
0.
03
0.
01
0.
13
0.
18
0.
03
0.
10
0.
11
0.
09
0.
10
0.
05
0.
10
A
l 2O
3
21
.9
3
21
.4
6
20
.7
4
21
.4
2
20
.7
7
21
.4
4
21
.5
8
21
.7
9
21
.3
9
21
.9
0
21
.8
2
21
.0
3
21
.3
4
21
.3
5
21
.3
4
21
.4
3
21
.2
5
21
.4
2
21
.8
9
21
.4
9
Fe
O
27
.5
7
27
.7
9
25
.4
4
28
.1
4
28
.6
0
29
.4
9
28
.8
3
28
.7
5
27
.6
9
26
.9
6
27
.8
1
28
.1
2
28
.1
2
27
.5
8
28
.7
8
27
.2
4
27
.3
8
26
.9
3
27
.0
0
27
.1
7
M
nO
0.
35
0.
37
0.
53
1.
15
1.
26
1.
97
1.
28
1.
25
1.
06
0.
36
0.
47
0.
50
0.
47
0.
74
0.
94
1.
05
0.
83
0.
97
0.
79
0.
81
M
gO
6.
04
3.
08
4.
72
5.
92
5.
55
4.
35
5.
67
6.
19
5.
94
6.
56
5.
65
2.
82
3.
05
2.
64
3.
70
4.
08
4.
32
4.
60
5.
43
3.
91
C
aO
7.
69
11
.0
9
10
.2
7
7.
01
6.
43
6.
71
6.
67
5.
82
7.
53
7.
46
7.
47
10
.6
8
10
.7
7
11
.7
0
9.
26
9.
77
8.
92
9.
40
8.
69
10
.2
2
N
a 2
O
0.
03
0.
02
0.
03
0.
03
0.
02
0.
01
0.
04
0.
03
0.
05
0.
02
0.
01
0.
02
0.
03
0.
01
0.
01
0.
03
0.
04
0.
03
0.
02
0.
02
K
2O
0.
00
0.
00
0.
00
0.
01
0.
01
0.
00
0.
01
0.
00
0.
01
0.
00
0.
00
0.
01
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
02
0.
00
To
ta
l
10
1.
46
10
1.
29
10
1.
28
10
1.
24
98
.5
3
10
0.
95
10
1.
40
10
1.
37
10
1.
02
10
1.
60
10
1.
11
10
0.
95
10
1.
55
10
1.
65
10
1.
89
10
1.
44
10
4.
92
10
1.
14
10
2.
21
10
1.
52
N
o.
 O
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
Si
2.
93
2.
93
3.
03
2.
92
2.
89
2.
92
2.
91
2.
92
2.
90
2.
95
2.
94
2.
97
2.
94
2.
95
2.
95
2.
94
3.
13
2.
94
2.
95
2.
95
Ti
0.
00
0.
01
0.
01
0.
01
0.
00
0.
00
0.
00
0.
00
0.
01
0.
00
0.
00
0.
01
0.
01
0.
00
0.
01
0.
01
0.
01
0.
01
0.
00
0.
01
A
l
2.
00
1.
99
1.
89
1.
97
1.
98
2.
00
1.
99
2.
00
1.
97
1.
99
2.
00
1.
95
1.
97
1.
97
1.
96
1.
97
1.
86
1.
97
1.
98
1.
98
Fe
1.
78
1.
82
1.
64
1.
84
1.
93
1.
95
1.
88
1.
87
1.
81
1.
73
1.
81
1.
85
1.
84
1.
81
1.
88
1.
78
1.
70
1.
76
1.
74
1.
77
M
n
0.
02
0.
02
0.
03
0.
08
0.
09
0.
13
0.
08
0.
08
0.
07
0.
02
0.
03
0.
03
0.
03
0.
05
0.
06
0.
07
0.
05
0.
06
0.
05
0.
05
M
g
0.
70
0.
36
0.
54
0.
69
0.
67
0.
51
0.
66
0.
72
0.
69
0.
75
0.
65
0.
33
0.
36
0.
31
0.
43
0.
47
0.
48
0.
54
0.
62
0.
45
C
a
0.
64
0.
93
0.
85
0.
59
0.
56
0.
57
0.
56
0.
49
0.
63
0.
61
0.
62
0.
90
0.
90
0.
98
0.
77
0.
82
0.
71
0.
79
0.
72
0.
85
N
a
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
00
0.
01
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
00
0.
00
0.
00
K
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
To
ta
l
8.
07
8.
07
8.
01
8.
09
8.
12
8.
08
8.
10
8.
08
8.
10
8.
06
8.
06
8.
05
8.
06
8.
07
8.
07
8.
07
7.
94
8.
07
8.
06
8.
06
13
TS
O
8A
2
G
ar
ne
t
tra
ns
ec
t c
1–
3
tra
ns
ec
t c
1–
4
rim
co
re
rim
rim
co
re
Si
O
2
38
.2
5
37
.8
0
38
.4
9
37
.7
7
37
.4
4
37
.1
1
37
.2
5
37
.4
1
37
.5
5
37
.2
2
37
.2
9
36
.3
7
36
.9
4
37
.6
9
38
.2
5
37
.6
5
38
.0
6
37
.9
5
39
.6
7
Ti
O
2
0.
02
0.
05
0.
18
0.
05
0.
03
0.
03
0.
07
0.
03
0.
04
0.
08
0.
23
0.
11
0.
06
0.
02
0.
02
0.
08
0.
07
0.
02
0.
06
A
l 2O
3
22
.0
1
21
.3
8
20
.7
3
20
.7
8
21
.5
4
21
.4
0
21
.2
6
21
.4
0
21
.3
1
21
.4
5
21
.0
8
20
.5
4
21
.0
7
21
.7
9
21
.9
3
21
.4
9
21
.6
4
21
.7
7
20
.6
1
Fe
O
26
.5
2
27
.2
3
26
.5
0
29
.0
3
29
.9
4
29
.5
7
29
.8
2
29
.1
5
27
.7
8
29
.9
4
28
.9
4
27
.9
6
27
.8
6
26
.5
5
27
.9
4
27
.8
2
27
.6
0
27
.8
0
26
.4
1
M
nO
0.
38
0.
43
0.
57
0.
96
1.
53
1.
61
1.
43
1.
30
0.
84
0.
97
0.
64
0.
53
0.
34
0.
37
0.
39
0.
36
0.
45
1.
18
1.
26
M
gO
7.
24
3.
89
3.
76
3.
91
3.
10
2.
93
3.
10
2.
97
2.
81
2.
86
2.
60
2.
48
2.
96
6.
76
6.
13
3.
03
3.
55
4.
36
4.
11
C
aO
7.
18
10
.5
2
10
.6
8
8.
11
8.
52
8.
78
8.
16
9.
26
11
.0
0
9.
39
10
.1
4
10
.9
6
10
.2
9
6.
88
7.
05
11
.2
0
10
.6
9
9.
04
8.
66
N
a 2
O
0.
00
0.
02
0.
24
0.
01
0.
01
0.
02
0.
01
0.
00
0.
01
0.
01
0.
04
0.
04
0.
01
0.
02
0.
02
0.
01
0.
03
0.
03
0.
03
K
2O
0.
01
0.
00
0.
01
0.
00
0.
00
0.
01
0.
00
0.
00
0.
00
0.
00
0.
00
0.
03
0.
01
0.
00
0.
01
0.
02
0.
00
0.
01
0.
00
To
ta
l
10
1.
61
10
1.
32
10
1.
16
10
0.
62
10
2.
11
10
1.
46
10
1.
10
10
1.
52
10
1.
34
10
1.
92
10
0.
96
99
.0
2
99
.5
4
10
0.
08
10
1.
74
10
1.
66
10
2.
09
10
2.
16
10
0.
81
N
o.
 O
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
Si
2.
93
2.
95
3.
00
2.
98
2.
93
2.
93
2.
95
2.
94
2.
95
2.
92
2.
95
2.
94
2.
95
2.
94
2.
95
2.
94
2.
95
2.
94
3.
08
Ti
0.
00
0.
00
0.
01
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
01
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
A
l
1.
99
1.
97
1.
91
1.
93
1.
99
1.
99
1.
98
1.
99
1.
97
1.
99
1.
97
1.
96
1.
98
2.
00
1.
99
1.
98
1.
98
1.
99
1.
89
Fe
1.
70
1.
78
1.
73
1.
92
1.
96
1.
95
1.
97
1.
92
1.
82
1.
97
1.
91
1.
89
1.
86
1.
73
1.
80
1.
82
1.
79
1.
80
1.
72
M
n
0.
02
0.
03
0.
04
0.
06
0.
10
0.
11
0.
10
0.
09
0.
06
0.
06
0.
04
0.
04
0.
02
0.
02
0.
03
0.
02
0.
03
0.
08
0.
08
M
g
0.
83
0.
45
0.
44
0.
46
0.
36
0.
34
0.
37
0.
35
0.
33
0.
34
0.
31
0.
30
0.
35
0.
79
0.
70
0.
35
0.
41
0.
50
0.
48
C
a
0.
59
0.
88
0.
89
0.
69
0.
72
0.
74
0.
69
0.
78
0.
93
0.
79
0.
86
0.
95
0.
88
0.
57
0.
58
0.
94
0.
89
0.
75
0.
72
N
a
0.
00
0.
00
0.
04
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
01
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
K
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
To
ta
l
8.
07
8.
06
8.
05
8.
05
8.
07
8.
07
8.
06
8.
06
8.
06
8.
08
8.
06
8.
08
8.
06
8.
06
8.
06
8.
06
8.
06
8.
07
7.
97
98
The University of Sydney, PhD Thesis, Adrianna Rajkumar, 2015.
13
TS
O
8A
2
G
ar
ne
t
tra
ns
ec
t c
1–
5
tra
ns
ec
t c
1–
4
rim
co
re
rim
co
re
rim
Si
O
2
38
.1
5
37
.9
3
37
.6
0
37
.3
9
37
.5
2
56
.1
4
37
.7
6
37
.6
9
38
.2
8
37
.7
1
38
.6
0
37
.5
9
37
.6
3
37
.2
9
37
.9
3
39
.6
7
37
.6
7
37
.8
0
37
.2
5
37
.5
0
37
.9
6
Ti
O
2
0.
03
0.
03
0.
03
0.
12
0.
08
0.
05
0.
14
0.
09
0.
12
0.
09
0.
17
0.
20
0.
15
0.
07
0.
05
0.
07
0.
04
0.
03
0.
13
0.
20
0.
10
A
l 2O
3
21
.9
1
21
.9
4
21
.5
1
21
.2
6
21
.3
5
13
.8
5
21
.3
4
21
.4
0
21
.5
9
21
.6
0
21
.4
2
21
.3
2
21
.4
2
21
.2
7
21
.6
6
20
.8
8
21
.6
2
21
.6
0
21
.2
3
21
.2
0
21
.4
0
Fe
O
26
.3
8
28
.4
6
28
.0
8
28
.8
8
27
.9
7
21
.6
0
27
.5
1
27
.4
4
26
.7
7
27
.1
9
26
.6
4
26
.3
1
27
.2
4
27
.8
7
28
.7
4
26
.7
3
27
.5
3
27
.5
4
27
.3
8
27
.7
4
27
.3
7
M
nO
0.
32
0.
45
0.
38
0.
36
0.
41
0.
42
0.
45
1.
24
1.
29
1.
13
0.
81
0.
69
0.
36
0.
37
0.
41
0.
95
0.
75
0.
89
0.
38
0.
52
0.
36
M
gO
6.
98
6.
19
3.
33
2.
36
3.
15
2.
28
3.
69
4.
71
4.
60
4.
70
4.
44
4.
27
3.
65
2.
87
6.
49
4.
61
5.
10
5.
04
3.
47
3.
58
3.
77
Ca
O
7.
28
6.
40
10
.7
8
10
.9
8
10
.7
9
7.
45
10
.7
3
8.
54
9.
35
9.
24
10
.0
1
10
.0
2
10
.9
3
11
.1
1
5.
73
9.
00
8.
30
8.
49
10
.9
3
10
.5
0
10
.5
3
N
a 2
O
0.
03
0.
03
0.
02
0.
02
0.
03
0.
02
0.
01
0.
05
0.
03
0.
01
0.
03
0.
02
0.
01
0.
02
0.
03
0.
04
0.
04
0.
02
0.
04
0.
04
0.
01
K
2O
0.
02
0.
00
0.
00
0.
01
0.
00
0.
00
0.
01
0.
01
0.
00
0.
01
0.
00
0.
01
0.
01
0.
00
0.
00
0.
00
0.
02
0.
01
0.
00
0.
00
0.
00
To
ta
l
10
1.
10
10
1.
43
10
1.
73
10
1.
38
10
1.
30
10
1.
81
10
1.
64
10
1.
17
10
2.
03
10
1.
68
10
2.
12
10
0.
43
10
1.
40
10
0.
87
10
1.
04
10
1.
95
10
1.
07
10
1.
42
10
0.
81
10
1.
28
10
1.
50
N
o.
 O
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
Si
2.
94
2.
94
2.
94
2.
95
2.
94
4.
04
2.
94
2.
94
2.
96
2.
93
2.
98
2.
95
2.
94
2.
94
2.
95
3.
05
2.
94
2.
94
2.
93
2.
94
2.
96
Ti
0.
00
0.
00
0.
00
0.
01
0.
00
0.
00
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
01
0.
01
A
l
1.
99
2.
00
1.
98
1.
97
1.
98
1.
18
1.
96
1.
97
1.
97
1.
98
1.
95
1.
97
1.
97
1.
98
1.
98
1.
89
1.
99
1.
98
1.
97
1.
96
1.
97
Fe
1.
70
1.
84
1.
83
1.
90
1.
84
1.
30
1.
79
1.
79
1.
73
1.
77
1.
72
1.
73
1.
78
1.
84
1.
87
1.
72
1.
80
1.
79
1.
80
1.
82
1.
78
M
n
0.
02
0.
03
0.
03
0.
02
0.
03
0.
03
0.
03
0.
08
0.
08
0.
07
0.
05
0.
05
0.
02
0.
02
0.
03
0.
06
0.
05
0.
06
0.
03
0.
03
0.
02
M
g
0.
80
0.
71
0.
39
0.
28
0.
37
0.
24
0.
43
0.
55
0.
53
0.
54
0.
51
0.
50
0.
43
0.
34
0.
75
0.
53
0.
59
0.
58
0.
41
0.
42
0.
44
Ca
0.
60
0.
53
0.
90
0.
93
0.
91
0.
57
0.
90
0.
71
0.
77
0.
77
0.
83
0.
84
0.
91
0.
94
0.
48
0.
74
0.
69
0.
71
0.
92
0.
88
0.
88
N
a
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
01
0.
00
0.
01
0.
01
0.
00
K
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
To
ta
l
8.
07
8.
06
8.
07
8.
06
8.
07
7.
37
8.
07
8.
07
8.
05
8.
07
8.
04
8.
05
8.
07
8.
07
8.
06
8.
00
8.
07
8.
07
8.
08
8.
07
8.
05
13
TS
O
8A
2
G
ar
ne
t
tra
ns
ec
t c
2–
1
tra
ns
ec
t c
1–
1
rim
co
re
rim
rim
Si
O
2
37
.2
0
37
.3
0
37
.0
5
37
.1
9
37
.2
9
37
.2
0
37
.2
3
36
.1
1
37
.1
4
37
.2
2
36
.0
3
37
.2
5
37
.3
3
37
.2
9
37
.6
6
37
.1
6
37
.3
0
37
.5
7
Ti
O
2
0.
08
0.
10
0.
12
0.
15
0.
13
0.
14
0.
12
0.
10
0.
12
0.
06
0.
10
0.
06
0.
12
0.
07
0.
04
0.
10
0.
18
0.
02
A
l 2O
3
21
.2
6
21
.5
3
21
.2
3
21
.2
6
21
.2
2
21
.2
8
21
.4
9
20
.7
5
21
.3
6
21
.6
2
20
.7
7
21
.6
1
21
.4
8
21
.4
3
21
.7
1
21
.2
3
21
.2
4
21
.7
6
Fe
O
29
.0
6
28
.8
9
29
.8
7
29
.5
6
29
.7
2
29
.1
8
28
.7
7
28
.3
7
28
.3
3
28
.9
0
28
.4
8
29
.3
5
28
.7
9
28
.3
1
28
.7
0
29
.0
4
28
.1
5
28
.3
4
M
nO
0.
38
0.
43
0.
54
0.
69
1.
04
1.
26
1.
24
1.
21
1.
38
1.
07
0.
75
0.
62
0.
49
0.
39
0.
42
0.
68
0.
53
0.
53
M
gO
2.
72
2.
29
2.
24
2.
44
2.
72
3.
16
3.
25
3.
37
2.
98
3.
18
2.
66
2.
72
2.
40
2.
76
6.
42
2.
55
3.
19
5.
87
C
aO
10
.6
1
11
.2
8
10
.5
6
10
.1
0
9.
66
8.
95
9.
48
8.
91
9.
92
9.
26
9.
96
10
.3
1
10
.8
7
10
.8
2
6.
06
10
.1
8
10
.7
3
6.
89
N
a 2
O
0.
01
0.
01
0.
01
0.
01
0.
03
0.
04
0.
04
0.
11
0.
02
0.
00
0.
04
0.
02
0.
03
0.
00
0.
02
0.
02
0.
02
0.
02
K
2O
0.
01
0.
00
0.
01
0.
00
0.
00
0.
00
0.
01
0.
03
0.
00
0.
00
0.
01
0.
00
0.
01
0.
01
0.
00
0.
01
0.
01
0.
02
To
ta
l
10
1.
33
10
1.
83
10
1.
63
10
1.
40
10
1.
81
10
1.
21
10
1.
63
98
.9
6
10
1.
25
10
1.
31
98
.8
0
10
1.
94
10
1.
52
10
1.
08
10
1.
03
10
0.
97
10
1.
35
10
1.
02
N
o.
 O
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
Si
2.
93
2.
93
2.
93
2.
94
2.
93
2.
94
2.
92
2.
92
2.
93
2.
93
2.
92
2.
92
2.
94
2.
94
2.
93
2.
94
2.
93
2.
93
Ti
0.
00
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
00
0.
01
0.
00
0.
01
0.
00
0.
00
0.
01
0.
01
0.
00
A
l
1.
98
1.
99
1.
98
1.
98
1.
97
1.
98
1.
99
1.
98
1.
99
2.
01
1.
98
2.
00
1.
99
1.
99
1.
99
1.
98
1.
97
2.
00
Fe
1.
92
1.
90
1.
97
1.
95
1.
96
1.
93
1.
89
1.
92
1.
87
1.
90
1.
93
1.
93
1.
89
1.
87
1.
87
1.
92
1.
85
1.
85
M
n
0.
03
0.
03
0.
04
0.
05
0.
07
0.
08
0.
08
0.
08
0.
09
0.
07
0.
05
0.
04
0.
03
0.
03
0.
03
0.
05
0.
04
0.
03
M
g
0.
32
0.
27
0.
26
0.
29
0.
32
0.
37
0.
38
0.
41
0.
35
0.
37
0.
32
0.
32
0.
28
0.
32
0.
74
0.
30
0.
37
0.
68
C
a
0.
90
0.
95
0.
89
0.
85
0.
81
0.
76
0.
80
0.
77
0.
84
0.
78
0.
86
0.
87
0.
92
0.
91
0.
51
0.
86
0.
90
0.
58
N
a
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
01
0.
02
0.
00
0.
00
0.
01
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
K
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
To
ta
l
8.
08
8.
07
8.
08
8.
07
8.
08
8.
07
8.
08
8.
10
8.
07
8.
06
8.
09
8.
08
8.
06
8.
06
8.
07
8.
06
8.
08
8.
07
99
The University of Sydney, PhD Thesis, Adrianna Rajkumar, 2015.
13
TS
O
8A
2
G
ar
ne
t
tra
ns
ec
t c
1–
6
tra
ns
ec
t c
1–
7
rim
co
re
rim
rim
co
re
Si
O
2
37
.9
2
37
.7
7
37
.8
4
37
.5
8
37
.6
8
37
.6
4
77
.5
1
37
.8
7
37
.5
4
37
.3
0
37
.4
0
37
.4
6
37
.5
5
37
.3
9
37
.5
9
37
.2
4
37
.3
9
37
.3
1
37
.8
3
Ti
O
2
0.
04
0.
18
0.
14
0.
09
0.
07
0.
06
0.
03
0.
03
0.
03
0.
08
0.
10
0.
11
0.
12
0.
10
0.
09
0.
10
0.
05
0.
11
0.
08
A
l 2O
3
21
.7
9
21
.4
0
21
.4
6
21
.3
1
21
.4
6
21
.4
7
4.
10
21
.6
9
21
.5
2
21
.2
9
21
.4
0
21
.3
1
21
.3
1
21
.5
8
21
.3
7
21
.3
0
21
.7
1
21
.5
6
21
.4
0
Fe
O
27
.5
2
26
.5
9
26
.3
3
27
.3
9
27
.0
3
27
.3
5
6.
06
27
.3
5
26
.6
2
27
.7
8
27
.7
7
27
.6
3
28
.6
7
26
.6
7
28
.8
0
26
.9
4
28
.1
2
27
.8
5
26
.0
6
M
nO
0.
45
0.
43
0.
56
1.
00
1.
27
1.
44
0.
18
0.
96
0.
81
0.
99
0.
87
0.
93
0.
62
0.
39
1.
06
1.
59
1.
71
1.
77
1.
04
M
gO
5.
54
4.
28
4.
93
4.
61
4.
73
4.
32
0.
89
4.
68
4.
33
3.
28
3.
98
3.
26
3.
06
3.
72
4.
70
4.
35
4.
15
3.
82
3.
84
C
aO
8.
22
10
.8
1
9.
96
9.
68
9.
17
9.
12
1.
98
8.
90
10
.1
8
10
.2
6
9.
79
10
.4
8
10
.2
3
11
.0
8
7.
70
9.
14
8.
54
9.
06
10
.6
0
N
a 2
O
0.
02
0.
03
0.
02
0.
02
0.
02
0.
00
0.
02
0.
01
0.
03
0.
02
0.
04
0.
05
0.
02
0.
03
0.
02
0.
03
0.
01
0.
03
0.
02
K
2O
0.
00
0.
01
0.
00
0.
01
0.
00
0.
00
0.
02
0.
00
0.
02
0.
01
0.
01
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
00
0.
00
To
ta
l
10
1.
50
10
1.
50
10
1.
24
10
1.
69
10
1.
43
10
1.
40
90
.7
9
10
1.
49
10
1.
08
10
1.
01
10
1.
36
10
1.
23
10
1.
58
10
0.
96
10
1.
33
10
0.
69
10
1.
69
10
1.
51
10
0.
87
N
o.
 O
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
2.
00
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
Si
2.
94
2.
94
2.
94
2.
93
2.
94
2.
94
0.
91
2.
94
2.
93
2.
94
2.
93
2.
94
2.
94
2.
93
2.
94
2.
93
2.
92
2.
92
2.
96
Ti
0.
00
0.
01
0.
01
0.
01
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
00
0.
01
0.
00
A
l
1.
99
1.
96
1.
97
1.
96
1.
97
1.
98
0.
06
1.
99
1.
98
1.
98
1.
98
1.
97
1.
97
1.
99
1.
97
1.
98
2.
00
1.
99
1.
97
Fe
1.
78
1.
73
1.
71
1.
78
1.
76
1.
79
0.
06
1.
78
1.
74
1.
83
1.
82
1.
81
1.
88
1.
75
1.
88
1.
77
1.
84
1.
83
1.
70
M
n
0.
03
0.
03
0.
04
0.
07
0.
08
0.
10
0.
00
0.
06
0.
05
0.
07
0.
06
0.
06
0.
04
0.
03
0.
07
0.
11
0.
11
0.
12
0.
07
M
g
0.
64
0.
50
0.
57
0.
54
0.
55
0.
50
0.
02
0.
54
0.
50
0.
39
0.
46
0.
38
0.
36
0.
43
0.
55
0.
51
0.
48
0.
45
0.
45
C
a
0.
68
0.
90
0.
83
0.
81
0.
77
0.
76
0.
02
0.
74
0.
85
0.
87
0.
82
0.
88
0.
86
0.
93
0.
65
0.
77
0.
71
0.
76
0.
89
N
a
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
01
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
K
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
To
ta
l
8.
07
8.
07
8.
07
8.
09
8.
08
8.
07
1.
07
8.
06
8.
08
8.
07
8.
08
8.
07
8.
06
8.
07
8.
07
8.
08
8.
08
8.
08
8.
05
13
TS
O
8A
2
G
ar
ne
t
tra
ns
ec
t c
1–
8
Ph
en
gi
te
in
cl
us
io
n
rim
co
re
rim
c1
–8
c1
–1
0
c1
–1
2
c1
–8
c1
–9
c1
–1
c1
–2
Si
O
2
37
.3
0
36
.9
8
37
.0
5
36
.9
5
36
.9
2
37
.2
8
37
.3
5
37
.5
7
37
.3
4
37
.6
3
37
.4
7
51
.5
9
50
.9
2
51
.4
2
50
.1
2
50
.6
6
49
.9
9
49
.9
9
Ti
O
2
0.
06
0.
08
0.
17
0.
09
0.
15
0.
05
0.
11
0.
08
0.
05
0.
02
0.
13
0.
33
0.
50
0.
26
0.
48
0.
36
0.
56
0.
46
A
l 2O
3
21
.3
6
21
.2
2
21
.1
1
21
.3
4
21
.1
1
21
.5
4
21
.3
4
21
.6
0
21
.4
8
21
.5
8
21
.3
7
25
.1
1
26
.4
4
24
.5
3
25
.7
5
25
.6
8
26
.7
0
26
.1
3
Fe
O
28
.1
7
28
.7
4
29
.1
5
29
.0
1
29
.3
6
29
.8
4
27
.7
4
26
.7
5
28
.0
9
28
.2
4
27
.1
4
2.
40
2.
93
2.
23
2.
64
2.
37
3.
06
2.
61
M
nO
0.
35
0.
45
0.
49
0.
52
0.
92
1.
21
1.
07
0.
87
1.
07
0.
79
0.
88
0.
00
0.
02
0.
00
0.
00
0.
00
0.
00
0.
00
M
gO
3.
32
2.
20
2.
39
2.
51
2.
23
3.
32
3.
26
4.
06
4.
10
4.
77
4.
22
4.
77
4.
44
5.
03
4.
19
4.
40
4.
12
4.
78
C
aO
10
.4
1
10
.9
3
10
.7
4
10
.5
4
10
.3
7
8.
55
10
.0
6
10
.0
6
9.
29
8.
07
9.
69
0.
01
0.
01
0.
01
0.
00
0.
05
0.
03
0.
02
N
a 2
O
0.
03
0.
00
0.
03
0.
02
0.
02
0.
01
0.
02
0.
03
0.
02
0.
03
0.
04
0.
27
0.
30
0.
15
0.
30
0.
36
0.
37
0.
32
K
2O
0.
01
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
10
.6
4
10
.7
1
10
.7
0
10
.4
3
10
.3
4
10
.9
3
11
.1
4
To
ta
l
10
1.
01
10
0.
60
10
1.
12
10
0.
98
10
1.
08
10
1.
80
10
0.
95
10
1.
02
10
1.
44
10
1.
13
10
0.
94
95
.1
8
96
.2
7
94
.3
3
93
.9
1
94
.2
6
95
.7
6
95
.4
5
N
o.
 O
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
22
.0
0
22
.0
0
22
.0
0
22
.0
0
22
.0
0
22
.0
0
22
.0
0
Si
2.
94
2.
94
2.
93
2.
93
2.
93
2.
93
2.
94
2.
94
2.
92
2.
94
2.
94
6.
91
6.
77
6.
94
6.
81
6.
84
6.
70
6.
72
Ti
0.
00
0.
00
0.
01
0.
01
0.
01
0.
00
0.
01
0.
00
0.
00
0.
00
0.
01
0.
03
0.
05
0.
03
0.
05
0.
04
0.
06
0.
05
A
l
1.
98
1.
99
1.
97
1.
99
1.
98
1.
99
1.
98
1.
99
1.
98
1.
99
1.
98
3.
96
4.
14
3.
91
4.
13
4.
09
4.
22
4.
14
Fe
1.
85
1.
91
1.
93
1.
92
1.
95
1.
96
1.
83
1.
75
1.
84
1.
85
1.
78
0.
27
0.
33
0.
25
0.
30
0.
27
0.
34
0.
29
M
n
0.
02
0.
03
0.
03
0.
03
0.
06
0.
08
0.
07
0.
06
0.
07
0.
05
0.
06
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
M
g
0.
39
0.
26
0.
28
0.
30
0.
26
0.
39
0.
38
0.
47
0.
48
0.
56
0.
49
0.
95
0.
88
1.
01
0.
85
0.
89
0.
82
0.
96
C
a
0.
88
0.
93
0.
91
0.
89
0.
88
0.
72
0.
85
0.
84
0.
78
0.
68
0.
81
0.
00
0.
00
0.
00
0.
00
0.
01
0.
00
0.
00
N
a
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
07
0.
08
0.
04
0.
08
0.
09
0.
10
0.
08
K
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
1.
82
1.
82
1.
84
1.
81
1.
78
1.
87
1.
91
To
ta
l
8.
07
8.
06
8.
07
8.
07
8.
07
8.
07
8.
06
8.
06
8.
08
8.
07
8.
07
14
.0
2
14
.0
6
14
.0
2
14
.0
2
14
.0
1
14
.1
1
14
.1
6
100
The University of Sydney, PhD Thesis, Adrianna Rajkumar, 2015.
13
TS
O
8A
2
G
ar
ne
t
tra
ns
ec
t c
1–
7
Ph
en
gi
te
co
re
rim
c1
–8
c2
–3
3
c2
–3
4
c2
–3
5
c3
–5
2
Si
O
2
37
.5
2
71
.3
6
39
.0
9
37
.3
1
37
.2
9
37
.2
1
37
.1
0
51
.4
0
51
.3
1
51
.8
7
49
.7
0
50
.7
0
Ti
O
2
0.
09
0.
03
0.
04
0.
05
0.
12
0.
12
0.
13
0.
46
0.
34
0.
27
0.
38
0.
33
A
l 2O
3
21
.8
2
7.
78
21
.1
0
21
.4
6
21
.5
3
21
.0
8
21
.5
5
26
.7
5
25
.8
0
24
.2
5
25
.9
4
25
.2
9
Fe
O
27
.2
0
9.
05
25
.7
5
27
.9
8
27
.8
9
28
.7
1
28
.3
7
2.
73
2.
46
2.
89
2.
45
2.
51
M
nO
1.
04
0.
29
0.
52
0.
43
0.
41
0.
46
0.
45
0.
00
0.
00
0.
00
0.
00
0.
00
M
gO
4.
36
1.
63
4.
14
3.
03
2.
90
2.
61
2.
83
4.
65
5.
01
4.
89
4.
73
5.
10
C
aO
9.
51
3.
63
10
.2
9
10
.8
4
10
.9
6
10
.8
4
10
.8
6
0.
05
0.
00
0.
00
0.
03
0.
00
N
a 2
O
0.
03
0.
00
0.
03
0.
02
0.
00
0.
01
0.
01
0.
34
0.
24
0.
17
0.
22
0.
21
K
2O
0.
00
0.
00
0.
01
0.
01
0.
02
0.
01
0.
00
11
.0
4
11
.0
4
10
.6
4
10
.8
0
11
.3
9
To
ta
l
10
1.
57
93
.7
7
10
0.
97
10
1.
13
10
1.
12
10
1.
05
10
1.
30
97
.4
2
96
.2
0
94
.9
8
94
.2
5
95
.5
3
N
o.
 O
12
.0
0
2.
00
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
22
.0
0
22
.0
0
22
.0
0
22
.0
0
22
.0
0
Si
2.
92
0.
84
3.
03
2.
93
2.
93
2.
94
2.
92
6.
75
6.
82
6.
97
6.
75
6.
81
Ti
0.
01
0.
00
0.
00
0.
00
0.
01
0.
01
0.
01
0.
05
0.
03
0.
03
0.
04
0.
03
A
l
2.
00
0.
11
1.
93
1.
99
2.
00
1.
96
2.
00
4.
14
4.
04
3.
84
4.
15
4.
01
Fe
1.
77
0.
09
1.
67
1.
84
1.
83
1.
90
1.
87
0.
30
0.
27
0.
32
0.
28
0.
28
M
n
0.
07
0.
00
0.
03
0.
03
0.
03
0.
03
0.
03
0.
00
0.
00
0.
00
0.
00
0.
00
M
g
0.
51
0.
03
0.
48
0.
36
0.
34
0.
31
0.
33
0.
91
0.
99
0.
98
0.
96
1.
02
C
a
0.
79
0.
05
0.
85
0.
91
0.
92
0.
92
0.
92
0.
01
0.
00
0.
00
0.
00
0.
00
N
a
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
09
0.
06
0.
04
0.
06
0.
05
K
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
1.
85
1.
87
1.
82
1.
87
1.
95
To
ta
l
8.
07
1.
11
8.
01
8.
07
8.
06
8.
07
8.
07
14
.1
0
14
.0
9
14
.0
1
14
.1
0
14
.1
6
TS
O
8A
1
C
lin
op
yr
ox
en
e
in
cl
us
io
n
in
cl
us
io
n
rim
 
co
re
rim
in
cl
us
io
n
c1
–1
c1
–2
c3
–1
c3
–1
c1
–2
c1
–3
c1
–4
c1
–1
3
c1
–1
6
tra
ns
ec
t c
1
tra
ns
ec
t c
1
c1
–1
5
c1
–6
c1
–7
c1
–1
Si
O
2
56
.4
4
56
.7
0
56
.3
9
56
.7
3
55
.4
0
55
.2
8
54
.9
8
54
.3
4
55
.0
4
55
.4
0
54
.7
0
55
.1
6
55
.2
6
55
.6
8
54
.8
3
54
.5
7
Ti
O
2
0.
09
0.
05
0.
05
0.
03
0.
03
0.
03
0.
06
0.
06
0.
05
0.
03
0.
07
0.
05
0.
04
0.
04
0.
04
0.
04
A
l 2O
3
9.
13
9.
45
9.
82
9.
59
10
.3
2
9.
62
9.
26
7.
62
9.
75
11
.0
4
8.
71
9.
61
10
.8
2
9.
14
9.
29
9.
97
Fe
O
6.
23
5.
49
5.
63
5.
98
4.
86
5.
14
4.
90
6.
65
5.
27
5.
06
6.
23
4.
63
5.
73
5.
13
5.
25
6.
07
M
nO
0.
02
0.
00
0.
06
0.
04
0.
00
0.
00
0.
01
0.
03
0.
02
0.
05
0.
01
0.
02
0.
00
0.
00
0.
00
0.
00
M
gO
9.
15
9.
21
8.
73
8.
68
8.
63
8.
76
9.
30
9.
22
8.
84
7.
63
8.
73
8.
96
7.
96
9.
09
8.
80
8.
62
C
aO
14
.1
3
13
.9
5
13
.4
9
13
.2
6
13
.3
6
13
.6
1
14
.5
0
14
.5
7
13
.8
8
12
.1
1
14
.3
0
13
.8
6
11
.8
3
14
.3
9
14
.1
4
12
.5
6
N
a 2
O
6.
46
6.
54
6.
86
6.
94
6.
80
6.
53
6.
09
5.
99
6.
43
7.
58
6.
22
6.
48
8.
12
6.
65
6.
70
6.
92
K
2O
0.
01
0.
02
0.
00
0.
01
0.
00
0.
00
0.
01
0.
01
0.
00
0.
01
0.
01
0.
00
0.
00
0.
00
0.
00
0.
00
To
ta
l
10
1.
66
10
1.
43
10
1.
09
10
1.
32
99
.4
0
98
.9
7
99
.1
1
99
.0
2
99
.2
8
98
.9
9
99
.1
4
98
.8
7
99
.7
6
10
0.
12
99
.0
5
98
.7
5
N
o.
 O
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
Si
2.
00
2.
00
2.
00
2.
01
1.
99
2.
00
1.
99
1.
99
1.
99
2.
00
1.
99
2.
00
1.
99
2.
00
1.
99
1.
99
Ti
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
A
l
0.
38
0.
39
0.
41
0.
40
0.
44
0.
41
0.
40
0.
33
0.
42
0.
47
0.
37
0.
41
0.
44
0.
39
0.
40
0.
43
Fe
0.
18
0.
16
0.
17
0.
18
0.
15
0.
16
0.
15
0.
20
0.
16
0.
15
0.
19
0.
14
0.
17
0.
15
0.
16
0.
18
M
n
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
M
g
0.
48
0.
49
0.
46
0.
46
0.
46
0.
47
0.
50
0.
50
0.
48
0.
41
0.
47
0.
48
0.
43
0.
49
0.
48
0.
47
C
a
0.
54
0.
53
0.
51
0.
50
0.
51
0.
53
0.
56
0.
57
0.
54
0.
47
0.
56
0.
54
0.
46
0.
55
0.
55
0.
49
N
a
0.
44
0.
45
0.
47
0.
48
0.
47
0.
46
0.
43
0.
43
0.
45
0.
53
0.
44
0.
45
0.
57
0.
46
0.
47
0.
49
K
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
To
ta
l
4.
03
4.
02
4.
03
4.
03
4.
03
4.
02
4.
03
4.
05
4.
03
4.
03
4.
04
4.
02
4.
05
4.
04
4.
05
4.
04
101
The University of Sydney, PhD Thesis, Adrianna Rajkumar, 2015.
13
TS
O
8A
2
A
m
ph
ib
ol
e
c1
–6
c1
–7
c1
–2
c1
–3
c1
–4
c1
–1
c1
–1
c3
–2
c1
–3
c1
–1
0
c1
–2
2
c1
–2
3
c2
–2
8
c3
–4
2
c3
–4
4
c3
–4
4
Si
O
2
52
.2
6
51
.1
8
50
.4
8
52
.3
2
52
.9
9
40
.2
5
51
.8
2
51
.0
7
44
.7
7
37
.1
0
52
.4
8
52
.2
9
45
.6
8
43
.6
8
46
.3
3
49
.3
0
Ti
O
2
0.
16
0.
25
0.
31
0.
16
0.
17
0.
25
0.
27
0.
26
0.
57
0.
03
0.
21
0.
21
0.
24
0.
20
0.
28
0.
35
A
l 2O
3
8.
14
10
.7
6
11
.0
8
7.
68
8.
13
17
.4
3
7.
55
10
.2
6
14
.5
1
19
.8
6
9.
66
8.
33
10
.7
9
13
.9
5
13
.1
6
11
.7
1
Fe
O
9.
33
10
.8
8
10
.5
6
8.
45
8.
61
16
.1
4
10
.2
9
9.
91
13
.9
1
17
.8
7
10
.0
4
8.
55
15
.7
9
17
.7
6
13
.9
1
11
.6
4
M
nO
0.
04
0.
04
0.
05
0.
00
0.
00
0.
09
0.
00
0.
00
0.
08
0.
15
0.
00
0.
00
0.
16
0.
20
0.
12
0.
00
M
gO
15
.4
8
12
.9
5
13
.0
5
15
.6
3
15
.3
2
7.
74
12
.7
7
14
.4
0
10
.2
1
7.
24
14
.2
2
15
.7
0
11
.0
3
8.
46
10
.5
8
12
.6
1
C
aO
6.
95
5.
56
6.
79
7.
75
7.
08
9.
37
9.
86
7.
35
8.
24
11
.2
5
6.
03
7.
04
8.
80
8.
38
7.
58
7.
06
N
a 2
O
3.
91
4.
79
4.
23
3.
56
3.
86
3.
82
0.
00
4.
29
4.
21
2.
84
4.
64
4.
23
3.
59
3.
85
4.
27
4.
67
K
2O
0.
33
0.
28
0.
32
0.
35
0.
36
0.
42
0.
48
0.
26
0.
55
1.
02
0.
32
0.
32
0.
42
0.
61
0.
43
0.
38
To
ta
l
96
.6
0
96
.7
6
96
.8
7
95
.9
0
96
.5
2
95
.5
1
93
.1
7
97
.8
4
97
.0
5
97
.3
6
97
.6
0
96
.6
7
96
.5
0
97
.0
9
96
.6
6
97
.7
2
N
o.
 O
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
Si
7.
44
7.
31
7.
21
7.
48
7.
51
6.
14
7.
64
7.
22
6.
59
5.
66
7.
40
7.
42
6.
83
6.
56
6.
81
7.
06
Ti
0.
02
0.
03
0.
03
0.
02
0.
02
0.
03
0.
03
0.
03
0.
06
0.
00
0.
02
0.
02
0.
03
0.
02
0.
03
0.
04
A
l
1.
37
1.
81
1.
87
1.
30
1.
36
3.
13
1.
31
1.
71
2.
52
3.
57
1.
61
1.
39
1.
90
2.
47
2.
28
1.
98
Fe
1.
11
1.
30
1.
26
1.
01
1.
02
2.
06
1.
27
1.
17
1.
71
2.
28
1.
18
1.
01
1.
98
2.
23
1.
71
1.
39
M
n
0.
00
0.
00
0.
01
0.
00
0.
00
0.
01
0.
00
0.
00
0.
01
0.
02
0.
00
0.
00
0.
02
0.
03
0.
01
0.
00
M
g
3.
29
2.
76
2.
78
3.
33
3.
24
1.
76
2.
81
3.
04
2.
24
1.
65
2.
99
3.
32
2.
46
1.
90
2.
32
2.
69
C
a
1.
06
0.
85
1.
04
1.
19
1.
08
1.
53
1.
56
1.
11
1.
30
1.
84
0.
91
1.
07
1.
41
1.
35
1.
19
1.
08
N
a
1.
08
1.
33
1.
17
0.
99
1.
06
1.
13
0.
00
1.
18
1.
20
0.
84
1.
27
1.
16
1.
04
1.
12
1.
22
1.
30
K
0.
06
0.
05
0.
06
0.
06
0.
07
0.
08
0.
09
0.
05
0.
10
0.
20
0.
06
0.
06
0.
08
0.
12
0.
08
0.
07
To
ta
l
15
.4
3
15
.4
4
15
.4
3
15
.3
8
15
.3
5
15
.8
7
14
.7
1
15
.5
1
15
.7
4
16
.0
7
15
.4
4
15
.4
7
15
.7
5
15
.8
0
15
.6
6
15
.6
0
13
TS
O
8A
2
A
m
ph
ib
ol
e
c3
–4
4
c3
–4
4
c3
–4
4
c3
–4
4
c3
–4
4
c3
–2
c3
–4
4
c3
–4
4
c3
–4
4
c3
–4
4
c3
–4
4
c3
–4
4
c3
–4
4
Si
O
2
49
.2
0
48
.6
2
48
.6
5
47
.5
6
43
.9
0
51
.0
7
49
.0
3
48
.9
1
49
.6
3
49
.4
1
49
.7
5
50
.4
3
50
.3
6
Ti
O
2
0.
35
0.
39
0.
45
0.
68
0.
51
0.
26
0.
35
0.
37
0.
36
0.
35
0.
33
0.
29
0.
31
A
l 2O
3
11
.2
5
11
.8
7
12
.3
7
12
.6
7
15
.3
9
10
.2
6
11
.5
3
11
.4
4
11
.5
0
11
.0
4
11
.0
6
11
.1
4
11
.0
4
Fe
O
11
.8
7
12
.0
0
12
.7
1
13
.3
5
15
.2
1
9.
91
10
.8
5
11
.1
8
10
.7
1
10
.7
7
10
.7
3
10
.4
8
10
.8
0
M
nO
0.
00
0.
00
0.
10
0.
09
0.
13
0.
00
0.
07
0.
07
0.
00
0.
00
0.
06
0.
00
0.
00
M
gO
12
.6
4
12
.3
7
11
.6
3
10
.9
3
8.
89
14
.4
0
13
.0
6
13
.3
5
12
.9
7
13
.1
2
13
.1
0
13
.0
6
13
.3
3
C
aO
6.
75
6.
89
7.
01
7.
12
8.
23
7.
35
6.
93
6.
92
6.
79
7.
09
6.
45
6.
34
6.
51
N
a 2
O
4.
38
4.
35
4.
22
4.
29
4.
05
4.
29
4.
51
4.
79
4.
67
4.
44
4.
53
4.
58
4.
82
K
2O
0.
36
0.
37
0.
40
0.
38
0.
59
0.
26
0.
41
0.
37
0.
37
0.
46
0.
34
0.
33
0.
33
To
ta
l
96
.8
0
96
.8
6
97
.5
4
97
.0
7
96
.9
0
97
.8
4
96
.7
4
97
.4
0
97
.0
0
96
.6
8
96
.3
5
96
.6
5
97
.5
0
N
o.
 O
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
Si
7.
10
7.
03
7.
00
6.
92
6.
51
7.
22
7.
06
7.
02
7.
11
7.
12
7.
17
7.
22
7.
17
Ti
0.
04
0.
04
0.
05
0.
07
0.
06
0.
03
0.
04
0.
04
0.
04
0.
04
0.
04
0.
03
0.
03
A
l
1.
92
2.
02
2.
10
2.
17
2.
69
1.
71
1.
96
1.
94
1.
94
1.
88
1.
88
1.
88
1.
85
Fe
1.
43
1.
45
1.
53
1.
62
1.
89
1.
17
1.
31
1.
34
1.
28
1.
30
1.
29
1.
25
1.
29
M
n
0.
00
0.
00
0.
01
0.
01
0.
02
0.
00
0.
01
0.
01
0.
00
0.
00
0.
01
0.
00
0.
00
M
g
2.
72
2.
67
2.
50
2.
37
1.
97
3.
04
2.
81
2.
86
2.
77
2.
82
2.
81
2.
79
2.
83
C
a
1.
04
1.
07
1.
08
1.
11
1.
31
1.
11
1.
07
1.
06
1.
04
1.
09
1.
00
0.
97
0.
99
N
a
1.
23
1.
22
1.
18
1.
21
1.
17
1.
18
1.
26
1.
33
1.
30
1.
24
1.
27
1.
27
1.
33
K
0.
07
0.
07
0.
07
0.
07
0.
11
0.
05
0.
08
0.
07
0.
07
0.
08
0.
06
0.
06
0.
06
To
ta
l
15
.5
5
15
.5
6
15
.5
2
15
.5
6
15
.7
2
15
.5
1
15
.5
9
15
.6
7
15
.5
6
15
.5
7
15
.5
2
15
.4
8
15
.5
6
102
The University of Sydney, PhD Thesis, Adrianna Rajkumar, 2015.
14
TS
O
8
G
ar
ne
t
c2
–1
c2
–2
c2
–3
c2
–4
c2
–5
c2
–6
c2
–7
c2
–8
c3
–1
3
c3
–1
4
c2
–8
c2
–9
c2
–1
0
c2
–1
1
c2
–1
2
c2
–1
7
c2
–1
8
c2
–1
9
c2
–2
0
c2
–2
1
Si
O
2
37
.4
7
37
.6
1
37
.0
6
37
.4
5
38
.0
5
37
.4
8
37
.5
8
37
.7
3
37
.1
8
37
.8
9
36
.8
8
37
.7
6
37
.5
3
37
.9
9
38
.3
5
37
.8
2
37
.5
8
37
.3
6
37
.3
1
37
.9
0
Ti
O
2
0.
18
0.
09
0.
12
0.
14
0.
12
0.
13
0.
06
0.
05
0.
14
0.
04
0.
19
0.
16
0.
10
0.
08
0.
03
0.
10
0.
22
0.
15
0.
10
0.
09
A
l 2O
3
21
.3
8
21
.4
1
21
.3
4
21
.2
5
21
.4
6
21
.3
2
21
.3
7
21
.8
8
21
.4
3
21
.4
7
21
.3
1
21
.4
1
21
.2
3
21
.3
3
21
.6
4
21
.6
0
21
.2
9
21
.2
4
21
.1
7
21
.5
9
Fe
O
27
.2
9
28
.4
8
28
.8
7
28
.8
8
29
.1
9
29
.1
5
28
.3
9
29
.0
2
26
.7
7
29
.1
8
25
.9
3
26
.6
4
27
.8
9
28
.0
4
28
.5
2
26
.4
0
26
.0
3
27
.0
1
28
.4
5
27
.7
7
M
nO
1.
67
0.
93
0.
60
0.
50
0.
41
0.
39
0.
39
0.
36
1.
97
0.
44
1.
19
0.
65
0.
48
0.
36
0.
35
1.
89
1.
74
0.
79
0.
42
0.
43
M
gO
2.
55
2.
45
2.
47
2.
43
2.
54
2.
42
3.
27
5.
97
4.
19
4.
61
3.
22
3.
34
2.
19
2.
61
5.
51
4.
54
3.
55
2.
83
2.
34
4.
30
C
aO
9.
84
9.
76
9.
61
9.
82
9.
73
9.
77
9.
30
5.
75
8.
18
6.
90
10
.5
6
10
.3
8
10
.8
9
10
.6
4
6.
11
8.
28
9.
83
10
.7
1
10
.5
5
8.
53
N
a 2
O
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
05
0.
00
0.
00
0.
00
K
2O
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
04
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
To
ta
l
10
0.
38
10
0.
73
10
0.
07
10
0.
47
10
1.
50
10
0.
66
10
0.
36
10
0.
76
99
.8
6
10
0.
53
99
.3
2
10
0.
34
10
0.
31
10
1.
05
10
0.
51
10
0.
63
10
0.
29
10
0.
09
10
0.
34
10
0.
61
N
o.
 O
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
Si
2.
97
2.
97
2.
95
2.
97
2.
98
2.
97
2.
97
2.
94
2.
94
2.
97
2.
94
2.
97
2.
97
2.
98
2.
99
2.
96
2.
96
2.
96
2.
96
2.
97
Ti
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
00
0.
00
0.
01
0.
00
0.
01
0.
01
0.
01
0.
00
0.
00
0.
01
0.
01
0.
01
0.
01
0.
01
A
l
2.
00
1.
99
2.
00
1.
99
1.
98
1.
99
1.
99
2.
01
2.
00
1.
99
2.
00
1.
99
1.
98
1.
97
1.
99
1.
99
1.
98
1.
98
1.
98
1.
99
Fe
1.
81
1.
88
1.
92
1.
91
1.
91
1.
93
1.
87
1.
89
1.
77
1.
92
1.
73
1.
75
1.
85
1.
84
1.
86
1.
73
1.
72
1.
79
1.
89
1.
82
M
n
0.
11
0.
06
0.
04
0.
03
0.
03
0.
03
0.
03
0.
02
0.
13
0.
03
0.
08
0.
04
0.
03
0.
02
0.
02
0.
13
0.
12
0.
05
0.
03
0.
03
M
g
0.
30
0.
29
0.
29
0.
29
0.
30
0.
29
0.
39
0.
69
0.
49
0.
54
0.
38
0.
39
0.
26
0.
31
0.
64
0.
53
0.
42
0.
33
0.
28
0.
50
C
a
0.
83
0.
83
0.
82
0.
83
0.
82
0.
83
0.
79
0.
48
0.
69
0.
58
0.
90
0.
87
0.
92
0.
89
0.
51
0.
69
0.
83
0.
91
0.
90
0.
72
N
a
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
00
0.
00
0.
00
K
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
To
ta
l
8.
03
8.
03
8.
04
8.
03
8.
02
8.
03
8.
03
8.
05
8.
05
8.
03
8.
05
8.
03
8.
03
8.
03
8.
01
8.
04
8.
04
8.
04
8.
04
8.
03
14
TS
O
8
Cl
in
op
yr
ox
en
e
A
m
ph
ib
ol
e
c3
–1
5
c3
–1
6
c2
–9
c2
–1
0
c2
–1
1
c2
–1
2
c2
–2
2
c2
–2
3
c1
–1
c1
–2
c2
–1
3
c2
–1
4
c2
–1
5
c2
–1
6
c2
–6
c2
–7
c1
–3
c3
–2
6
c3
–2
7
c1
–2
1
c1
–2
2
c1
–2
3
Si
O
2
55
.5
6
54
.5
5
54
.9
7
55
.0
0
55
.2
0
55
.4
3
55
.6
8
55
.6
4
53
.2
1
53
.5
6
49
.1
1
51
.8
0
51
.8
7
50
.4
7
51
.1
0
51
.0
0
45
.0
0
50
.8
0
38
.5
0
50
.2
4
49
.0
7
51
.3
1
Ti
O
2
0.
07
0.
07
0.
00
0.
03
0.
10
0.
03
0.
05
0.
05
0.
06
0.
07
0.
33
0.
23
0.
21
0.
27
0.
21
0.
22
0.
26
0.
29
0.
28
0.
37
0.
29
0.
23
A
l 2O
3
10
.2
8
9.
61
8.
51
8.
96
7.
87
10
.1
9
11
.1
7
10
.3
3
10
.1
6
10
.4
4
12
.2
8
10
.7
1
9.
38
11
.3
5
10
.0
3
10
.6
4
11
.2
2
11
.1
8
18
.5
7
10
.5
5
11
.5
0
9.
66
Fe
O
5.
47
5.
67
6.
45
6.
56
6.
72
6.
17
5.
33
4.
32
4.
60
4.
65
11
.8
4
9.
97
9.
78
10
.5
7
9.
96
10
.3
4
13
.3
3
10
.2
0
17
.8
4
11
.6
9
12
.3
5
11
.4
0
M
nO
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
06
0.
05
0.
04
0.
05
0.
04
0.
07
0.
06
0.
06
0.
13
0.
06
0.
08
0.
07
M
gO
8.
15
8.
41
8.
54
7.
97
8.
50
7.
72
7.
32
8.
57
9.
33
9.
01
11
.5
9
13
.1
6
14
.1
9
12
.6
0
14
.2
9
13
.3
1
12
.6
5
13
.0
6
7.
00
13
.0
1
12
.0
2
13
.3
8
Ca
O
13
.0
9
13
.4
0
13
.8
4
13
.1
5
14
.0
8
12
.3
9
11
.4
5
13
.2
8
13
.7
2
13
.4
8
5.
89
5.
87
6.
33
5.
43
5.
64
5.
43
8.
40
4.
98
9.
34
5.
83
5.
71
5.
15
N
a 2
O
7.
13
7.
01
6.
73
7.
00
6.
44
7.
79
8.
00
6.
99
7.
04
7.
26
5.
16
4.
87
4.
58
5.
24
5.
05
5.
05
3.
79
5.
55
3.
83
4.
86
4.
94
5.
02
K
2O
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
30
0.
29
0.
32
0.
29
0.
28
0.
28
0.
36
0.
32
1.
12
0.
29
0.
35
0.
24
To
ta
l
99
.7
5
98
.7
2
99
.0
4
99
.1
9
99
.4
1
99
.7
2
99
.0
0
99
.2
2
98
.1
2
98
.4
7
96
.5
6
96
.9
5
96
.7
0
96
.2
7
96
.6
0
96
.3
4
95
.0
7
96
.4
4
96
.6
1
96
.9
0
96
.3
1
96
.4
6
N
o.
 O
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
Si
2.
00
1.
99
2.
01
2.
00
2.
01
2.
00
2.
01
2.
00
1.
95
1.
95
7.
10
7.
35
7.
39
7.
25
7.
30
7.
30
6.
76
7.
27
5.
90
7.
22
7.
13
7.
37
Ti
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
04
0.
02
0.
02
0.
03
0.
02
0.
02
0.
03
0.
03
0.
03
0.
04
0.
03
0.
02
A
l
0.
44
0.
41
0.
37
0.
39
0.
34
0.
43
0.
47
0.
44
0.
44
0.
45
2.
09
1.
79
1.
58
1.
92
1.
69
1.
80
1.
99
1.
89
3.
35
1.
79
1.
97
1.
64
Fe
0.
16
0.
17
0.
20
0.
20
0.
20
0.
19
0.
16
0.
13
0.
14
0.
14
1.
43
1.
18
1.
17
1.
27
1.
19
1.
24
1.
67
1.
22
2.
29
1.
40
1.
50
1.
37
M
n
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
01
0.
00
0.
01
0.
00
0.
01
0.
01
0.
01
0.
02
0.
01
0.
01
0.
01
M
g
0.
44
0.
46
0.
46
0.
43
0.
46
0.
41
0.
39
0.
46
0.
51
0.
49
2.
50
2.
78
3.
01
2.
70
3.
04
2.
84
2.
83
2.
79
1.
60
2.
79
2.
60
2.
87
Ca
0.
50
0.
52
0.
54
0.
51
0.
55
0.
48
0.
44
0.
51
0.
54
0.
53
0.
91
0.
89
0.
97
0.
84
0.
86
0.
83
1.
35
0.
76
1.
53
0.
90
0.
89
0.
79
N
a
0.
50
0.
50
0.
48
0.
49
0.
46
0.
54
0.
56
0.
49
0.
50
0.
51
1.
45
1.
34
1.
27
1.
46
1.
40
1.
40
1.
10
1.
54
1.
14
1.
35
1.
39
1.
40
K
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
06
0.
05
0.
06
0.
05
0.
05
0.
05
0.
07
0.
06
0.
22
0.
05
0.
06
0.
04
To
ta
l
4.
03
4.
05
4.
05
4.
04
4.
04
4.
06
4.
04
4.
02
4.
08
4.
08
15
.5
7
15
.4
3
15
.4
6
15
.5
2
15
.5
6
15
.5
0
15
.8
1
15
.5
6
16
.0
7
15
.5
5
15
.5
9
15
.5
1
103
The University of Sydney, PhD Thesis, Adrianna Rajkumar, 2015.
D
S1
G
ar
ne
t
tra
ns
ec
t 3
rim
co
re
Si
O
2
36
.9
5
37
.0
3
37
.0
8
37
.1
1
37
.2
2
37
.0
9
37
.0
3
37
.0
3
37
.0
7
37
.0
0
36
.9
5
36
.9
2
36
.8
1
37
.0
1
37
.0
8
37
.0
4
37
.0
6
36
.8
7
37
.0
2
Ti
O
2
0.
00
0.
06
0.
04
0.
03
0.
04
0.
03
0.
03
0.
05
0.
06
0.
07
0.
05
0.
07
0.
06
0.
07
0.
04
0.
07
0.
07
0.
04
0.
06
A
l 2O
3
21
.1
3
20
.8
9
21
.0
3
21
.0
4
21
.2
1
20
.8
9
21
.1
3
20
.8
8
21
.0
4
21
.0
5
20
.8
8
20
.9
2
20
.9
1
20
.4
9
20
.8
3
20
.7
5
20
.8
1
20
.8
5
20
.9
4
Fe
O
27
.9
7
27
.8
0
27
.5
5
27
.9
5
28
.1
0
27
.7
2
28
.1
7
28
.1
3
27
.7
1
28
.0
1
27
.5
1
27
.9
4
27
.8
7
27
.5
7
28
.1
1
27
.9
9
28
.0
3
28
.0
0
28
.1
2
M
nO
0.
56
0.
54
0.
48
0.
55
0.
48
0.
50
0.
47
0.
48
0.
54
0.
54
0.
57
0.
55
0.
47
0.
49
0.
52
0.
54
0.
47
0.
53
0.
52
M
gO
4.
94
5.
11
5.
06
5.
03
5.
03
5.
05
5.
12
5.
02
5.
08
5.
06
5.
07
5.
08
5.
10
4.
93
4.
98
4.
95
5.
01
4.
98
5.
14
C
aO
8.
14
8.
43
8.
45
8.
17
8.
29
8.
26
8.
21
8.
37
8.
29
8.
27
8.
32
8.
46
8.
42
8.
68
8.
53
8.
53
8.
51
8.
32
8.
29
N
a 2
O
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
04
0.
00
0.
04
0.
00
0.
00
0.
03
0.
00
0.
00
0.
00
K
2O
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
To
ta
l
99
.7
7
99
.8
6
99
.6
9
99
.8
8
10
0.
37
99
.5
4
10
0.
16
99
.9
6
99
.7
9
10
0.
00
99
.3
9
99
.9
4
99
.7
3
99
.2
9
10
0.
09
99
.9
0
99
.9
6
99
.5
9
10
0.
09
N
o.
 O
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
Si
2.
93
2.
93
2.
94
2.
94
2.
93
2.
94
2.
93
2.
93
2.
94
2.
93
2.
94
2.
93
2.
92
2.
95
2.
94
2.
94
2.
94
2.
93
2.
93
Ti
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
A
l
1.
98
1.
95
1.
96
1.
96
1.
97
1.
96
1.
97
1.
95
1.
96
1.
96
1.
96
1.
96
1.
96
1.
93
1.
94
1.
94
1.
94
1.
96
1.
95
Fe
1.
86
1.
84
1.
83
1.
85
1.
85
1.
84
1.
86
1.
86
1.
84
1.
85
1.
83
1.
85
1.
85
1.
84
1.
86
1.
86
1.
86
1.
86
1.
86
M
n
0.
04
0.
04
0.
03
0.
04
0.
03
0.
03
0.
03
0.
03
0.
04
0.
04
0.
04
0.
04
0.
03
0.
03
0.
03
0.
04
0.
03
0.
04
0.
03
M
g
0.
58
0.
60
0.
60
0.
59
0.
59
0.
60
0.
60
0.
59
0.
60
0.
60
0.
60
0.
60
0.
60
0.
59
0.
59
0.
59
0.
59
0.
59
0.
61
C
a
0.
69
0.
72
0.
72
0.
69
0.
70
0.
70
0.
70
0.
71
0.
70
0.
70
0.
71
0.
72
0.
72
0.
74
0.
72
0.
72
0.
72
0.
71
0.
70
N
a
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
00
0.
01
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
K
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
To
ta
l
8.
08
8.
09
8.
08
8.
08
8.
08
8.
08
8.
09
8.
09
8.
08
8.
09
8.
08
8.
09
8.
10
8.
08
8.
09
8.
09
8.
09
8.
09
8.
09
D
S1
C
lin
op
yr
ox
en
e
A
m
ph
ib
ol
e
rim
co
re
rim
in
cl
us
io
n
in
cl
us
io
n
in
cl
us
io
n
co
re
rim
co
re
rim
rim
co
re
rim
tra
ns
ec
t 3
5
c2
–3
5
c2
–3
6
c3
–3
7
c3
–3
8
c3
–3
9
c1
–1
c1
–2
c1
–3
tra
ns
ec
t 4
tra
ns
ec
t 4
Si
O
2
55
.3
5
55
.8
1
54
.5
4
55
.5
5
55
.0
6
54
.3
7
54
.6
0
55
.0
6
54
.2
3
54
.9
7
55
.0
6
37
.6
4
48
.7
3
43
.1
3
47
.9
2
51
.1
3
51
.1
5
50
.8
5
46
.1
8
Ti
O
2
0.
06
0.
06
0.
06
0.
06
0.
06
0.
03
0.
05
0.
08
0.
07
0.
07
0.
05
0.
19
0.
17
0.
14
0.
18
0.
19
0.
23
0.
25
0.
15
A
l 2O
3
8.
35
8.
65
8.
39
8.
40
8.
31
5.
22
8.
30
8.
21
8.
59
8.
28
8.
38
19
.6
8
10
.3
7
12
.5
7
8.
66
5.
64
5.
70
4.
74
12
.9
9
Fe
O
6.
99
7.
13
7.
10
7.
00
7.
00
8.
46
7.
15
7.
33
6.
89
7.
32
7.
19
17
.5
2
13
.7
2
16
.2
4
15
.4
2
14
.5
3
11
.4
8
11
.5
1
14
.2
5
M
nO
0.
00
0.
00
0.
00
0.
00
0.
00
0.
09
0.
00
0.
00
0.
00
0.
00
0.
00
0.
10
0.
08
0.
07
0.
08
0.
09
0.
06
0.
05
0.
08
M
gO
8.
55
8.
69
8.
70
8.
66
8.
62
10
.1
6
9.
06
9.
13
8.
58
8.
65
8.
70
8.
39
12
.9
8
11
.8
2
14
.0
5
17
.1
6
16
.8
9
16
.8
4
12
.5
6
C
aO
13
.9
1
13
.6
6
13
.9
4
13
.9
3
13
.7
9
18
.0
4
13
.9
3
14
.0
4
13
.8
9
14
.0
4
13
.9
0
9.
62
6.
43
10
.3
0
7.
75
6.
78
9.
90
10
.1
9
6.
97
N
a 2
O
6.
69
6.
36
6.
68
6.
84
6.
65
3.
50
7.
38
6.
89
6.
58
6.
52
6.
86
4.
15
4.
14
3.
43
3.
16
2.
10
2.
12
1.
73
4.
52
K
2O
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
09
0.
00
0.
00
0.
00
0.
00
0.
16
0.
07
0.
06
0.
00
0.
09
0.
08
0.
04
0.
13
To
ta
l
99
.9
0
10
0.
36
99
.4
1
10
0.
44
99
.4
9
99
.9
4
10
0.
56
10
0.
74
98
.8
3
99
.8
5
10
0.
14
97
.4
5
96
.6
9
97
.7
6
97
.2
2
97
.7
1
97
.6
1
96
.2
0
97
.8
3
N
o.
 O
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
6.
00
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
23
.0
0
Si
2.
01
2.
01
1.
99
2.
00
2.
00
2.
00
1.
98
1.
99
1.
99
2.
00
2.
00
5.
69
7.
10
6.
43
7.
03
7.
36
7.
34
7.
41
6.
71
Ti
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
02
0.
02
0.
02
0.
02
0.
02
0.
02
0.
03
0.
02
A
l
0.
36
0.
37
0.
36
0.
36
0.
36
0.
23
0.
35
0.
35
0.
37
0.
35
0.
36
3.
51
1.
78
2.
21
1.
50
0.
96
0.
96
0.
81
2.
23
Fe
0.
21
0.
21
0.
22
0.
21
0.
21
0.
26
0.
22
0.
22
0.
21
0.
22
0.
22
2.
22
1.
67
2.
02
1.
89
1.
75
1.
38
1.
40
1.
73
M
n
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
0.
01
M
g
0.
46
0.
47
0.
47
0.
47
0.
47
0.
56
0.
49
0.
49
0.
47
0.
47
0.
47
1.
89
2.
82
2.
63
3.
07
3.
69
3.
61
3.
66
2.
72
C
a
0.
54
0.
53
0.
55
0.
54
0.
54
0.
71
0.
54
0.
54
0.
55
0.
55
0.
54
1.
56
1.
00
1.
64
1.
22
1.
05
1.
52
1.
59
1.
09
N
a
0.
47
0.
44
0.
47
0.
48
0.
47
0.
25
0.
52
0.
48
0.
47
0.
46
0.
48
1.
22
1.
17
0.
99
0.
90
0.
59
0.
59
0.
49
1.
27
K
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
03
0.
01
0.
01
0.
00
0.
02
0.
01
0.
01
0.
02
To
ta
l
4.
05
4.
03
4.
06
4.
06
4.
05
4.
01
4.
10
4.
08
4.
06
4.
05
4.
07
16
.1
5
15
.5
8
15
.9
6
15
.6
5
15
.4
4
15
.4
6
15
.4
0
15
.8
1
104
The University of Sydney, PhD Thesis, Adrianna Rajkumar, 2015.
G
ar
ne
t
G
ar
ne
t
A
m
ph
ib
ol
e
tra
ns
ec
t 3
tra
ns
ec
t 2
co
re
co
re
co
re
co
nt
.
rim
rim
co
re
rim
c2
–6
c2
–6
c2
–7
Si
O
2
37
.0
6
37
.0
5
37
.0
6
36
.6
6
36
.8
9
37
.0
0
37
.2
7
37
.0
6
37
.0
5
37
.1
3
37
.4
7
51
.0
1
51
.2
8
49
.2
4
Ti
O
2
0.
07
0.
05
0.
07
0.
05
0.
06
0.
00
0.
06
0.
07
0.
05
0.
06
0.
04
0.
18
0.
17
0.
18
A
l 2O
3
20
.8
6
20
.8
5
20
.7
0
20
.9
5
21
.1
9
21
.3
1
21
.1
1
20
.9
7
20
.9
4
20
.8
2
19
.4
9
5.
91
8.
89
9.
24
Fe
O
27
.9
0
27
.7
3
27
.8
7
27
.8
3
28
.1
0
28
.6
3
27
.8
6
27
.9
5
28
.0
0
27
.8
7
27
.5
0
13
.8
3
12
.9
7
14
.9
4
M
nO
0.
58
0.
54
0.
50
0.
57
0.
60
0.
61
0.
52
0.
55
0.
46
0.
51
0.
59
0.
11
0.
06
0.
07
M
gO
5.
13
5.
18
5.
08
4.
75
4.
57
4.
81
5.
02
4.
88
4.
77
4.
68
4.
75
16
.6
8
14
.0
3
13
.8
5
C
aO
8.
20
8.
26
8.
38
8.
40
8.
43
7.
49
8.
35
8.
27
8.
60
8.
62
8.
80
7.
71
5.
70
5.
92
N
a 2
O
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
40
2.
20
4.
04
3.
63
K
2O
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
00
0.
00
0.
07
0.
11
0.
15
To
ta
l
99
.8
0
99
.6
6
99
.6
6
99
.2
1
99
.8
4
99
.8
5
10
0.
19
99
.7
5
99
.8
8
99
.6
9
99
.0
4
97
.7
4
97
.2
5
97
.2
2
N
o.
 O
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
23
.0
0
23
.0
0
23
.0
0
Si
2.
94
2.
94
2.
94
2.
93
2.
93
2.
93
2.
94
2.
94
2.
94
2.
95
3.
00
7.
34
7.
35
7.
16
Ti
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
02
0.
02
0.
02
A
l
1.
95
1.
95
1.
94
1.
97
1.
98
1.
99
1.
96
1.
96
1.
96
1.
95
1.
84
1.
00
1.
50
1.
58
Fe
1.
85
1.
84
1.
85
1.
86
1.
87
1.
90
1.
84
1.
85
1.
86
1.
85
1.
84
1.
67
1.
55
1.
82
M
n
0.
04
0.
04
0.
03
0.
04
0.
04
0.
04
0.
03
0.
04
0.
03
0.
03
0.
04
0.
01
0.
01
0.
01
M
g
0.
61
0.
61
0.
60
0.
57
0.
54
0.
57
0.
59
0.
58
0.
56
0.
55
0.
57
3.
58
3.
00
3.
00
C
a
0.
70
0.
70
0.
71
0.
72
0.
72
0.
64
0.
71
0.
70
0.
73
0.
73
0.
75
1.
19
0.
88
0.
92
N
a
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
06
0.
61
1.
12
1.
02
K
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
02
0.
03
To
ta
l
8.
08
8.
08
8.
08
8.
08
8.
08
8.
07
8.
08
8.
08
8.
08
8.
07
8.
11
15
.4
5
15
.4
5
15
.5
6
D
S2
G
ar
ne
t
tra
ns
ec
t c
3–
5
rim
co
re
Si
O
2
37
.4
3
37
.6
9
37
.5
4
37
.5
8
37
.5
9
37
.4
9
37
.6
0
37
.7
0
37
.7
4
37
.7
2
37
.6
8
37
.6
1
37
.8
0
37
.6
5
37
.5
2
37
.6
2
37
.8
3
38
.0
2
37
.7
2
37
.3
0
37
.6
5
Ti
O
2
0.
07
0.
04
0.
00
0.
04
0.
04
0.
04
0.
07
0.
06
0.
07
0.
06
0.
06
0.
06
0.
05
0.
07
0.
06
0.
08
0.
06
0.
07
0.
05
0.
05
0.
05
A
l 2O
3
21
.3
0
21
.2
5
21
.4
4
21
.3
4
21
.2
7
21
.5
3
21
.4
7
21
.3
9
21
.1
2
21
.0
7
21
.2
3
21
.3
5
21
.3
5
21
.0
1
21
.2
5
21
.1
6
21
.4
3
21
.1
2
21
.5
1
21
.2
1
21
.4
4
Fe
O
26
.9
6
27
.3
2
27
.5
1
27
.5
2
27
.3
6
27
.7
5
27
.4
2
27
.2
3
27
.2
2
27
.3
1
27
.4
4
27
.5
5
27
.0
7
27
.3
6
27
.6
8
27
.3
6
26
.9
7
27
.1
9
27
.3
1
27
.8
3
26
.9
6
M
nO
0.
54
0.
55
0.
55
0.
53
0.
55
0.
47
0.
54
0.
50
0.
51
0.
49
0.
47
0.
56
0.
42
0.
47
0.
47
0.
45
0.
47
0.
46
0.
49
0.
49
0.
47
M
gO
5.
14
5.
20
5.
09
5.
24
5.
17
5.
18
5.
20
5.
16
5.
11
5.
14
5.
16
5.
06
5.
13
5.
15
5.
28
5.
35
5.
38
5.
40
5.
36
5.
14
5.
24
Ca
O
8.
84
8.
62
8.
52
8.
51
8.
44
8.
60
8.
74
8.
58
8.
73
8.
80
8.
74
8.
82
8.
81
8.
71
8.
49
8.
47
8.
64
8.
56
8.
57
8.
44
8.
50
N
a 2
O
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
03
0.
04
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
K
2O
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
To
ta
l
10
0.
28
10
0.
67
10
0.
65
10
0.
76
10
0.
42
10
1.
06
10
1.
04
10
0.
62
10
0.
50
10
0.
59
10
0.
78
10
1.
01
10
0.
66
10
0.
46
10
0.
75
10
0.
49
10
0.
78
10
0.
82
10
1.
01
10
0.
46
10
0.
31
N
o.
 O
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
Si
2.
94
2.
95
2.
94
2.
94
2.
95
2.
93
2.
93
2.
95
2.
96
2.
96
2.
95
2.
94
2.
95
2.
95
2.
94
2.
95
2.
95
2.
97
2.
94
2.
93
2.
95
Ti
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
A
l
1.
97
1.
96
1.
98
1.
97
1.
97
1.
98
1.
98
1.
97
1.
95
1.
95
1.
96
1.
97
1.
97
1.
94
1.
96
1.
96
1.
97
1.
94
1.
98
1.
97
1.
98
Fe
1.
77
1.
79
1.
80
1.
80
1.
80
1.
81
1.
79
1.
78
1.
78
1.
79
1.
80
1.
80
1.
77
1.
80
1.
81
1.
79
1.
76
1.
77
1.
78
1.
83
1.
77
M
n
0.
04
0.
04
0.
04
0.
04
0.
04
0.
03
0.
04
0.
03
0.
03
0.
03
0.
03
0.
04
0.
03
0.
03
0.
03
0.
03
0.
03
0.
03
0.
03
0.
03
0.
03
M
g
0.
60
0.
61
0.
59
0.
61
0.
60
0.
60
0.
60
0.
60
0.
60
0.
60
0.
60
0.
59
0.
60
0.
60
0.
62
0.
63
0.
63
0.
63
0.
62
0.
60
0.
61
Ca
0.
74
0.
72
0.
72
0.
71
0.
71
0.
72
0.
73
0.
72
0.
73
0.
74
0.
73
0.
74
0.
74
0.
73
0.
71
0.
71
0.
72
0.
72
0.
72
0.
71
0.
71
N
a
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
K
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
To
ta
l
8.
07
8.
07
8.
07
8.
07
8.
06
8.
08
8.
07
8.
06
8.
06
8.
07
8.
07
8.
07
8.
06
8.
07
8.
08
8.
07
8.
06
8.
06
8.
07
8.
08
8.
06
105
The University of Sydney, PhD Thesis, Adrianna Rajkumar, 2015.
D
S2
Cl
in
op
yr
ox
en
e
A
m
ph
ib
ol
e
G
ar
ne
t
tra
ns
ec
t c
3–
4
tra
ns
ec
t c
3–
4t
ra
ns
ec
t c
2–
6
tra
ns
ec
t c
2–
6
G
ar
ne
t
tra
ns
ec
t c
3–
5
c2
–4
0
c2
–4
1
c2
–4
2
c2
–4
3
c1
–1
0
c1
–1
8
c1
–9
c1
–1
1
rim
co
re
rim
rim
co
re
rim
co
nt
.
rim
Si
O
2
54
.2
3
54
.7
9
54
.5
5
54
.9
4
55
.8
8
49
.9
2
38
.5
1
50
.6
0
36
.6
9
37
.0
3
36
.7
5
36
.8
8
36
.7
9
36
.3
7
36
.6
7
36
.7
4
37
.2
0
37
.4
0
37
.0
7
37
.8
5
37
.8
0
37
.8
6
Ti
O
2
0.
04
0.
10
0.
09
0.
07
0.
03
0.
13
0.
07
0.
25
0.
03
0.
08
0.
08
0.
07
0.
07
0.
06
0.
08
0.
04
0.
07
0.
05
0.
07
0.
04
0.
04
0.
05
A
l 2O
3
8.
21
8.
52
8.
49
8.
45
6.
81
7.
15
17
.0
9
8.
55
21
.0
1
20
.9
4
20
.7
6
20
.9
2
20
.9
6
20
.4
6
20
.7
3
20
.6
2
20
.8
9
21
.1
0
20
.9
6
21
.5
6
21
.3
9
21
.7
3
Fe
O
6.
98
6.
75
7.
16
7.
14
7.
25
14
.3
4
16
.6
6
13
.7
7
27
.6
3
27
.6
7
27
.3
7
27
.7
6
27
.6
7
28
.1
4
27
.9
3
28
.0
7
28
.1
9
27
.8
1
27
.2
3
26
.9
4
27
.0
0
27
.3
3
M
nO
0.
00
0.
00
0.
00
0.
00
0.
04
0.
07
0.
07
0.
07
0.
53
0.
53
0.
47
0.
48
0.
50
0.
51
0.
46
0.
51
0.
53
0.
48
0.
54
0.
53
0.
52
0.
43
M
gO
8.
89
8.
69
8.
43
8.
51
10
.0
2
15
.7
6
9.
61
14
.3
0
4.
85
4.
87
4.
95
4.
98
5.
00
4.
98
5.
04
4.
96
5.
02
4.
86
5.
40
5.
32
5.
36
5.
30
Ca
O
14
.1
1
13
.9
9
13
.9
8
14
.0
3
16
.0
3
7.
26
11
.1
2
5.
88
8.
74
8.
91
8.
81
8.
54
8.
58
8.
42
8.
27
8.
36
8.
44
8.
63
8.
30
8.
64
8.
49
8.
42
N
a 2
O
6.
78
6.
62
6.
30
6.
48
5.
54
2.
28
3.
55
3.
20
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
06
0.
00
0.
00
0.
00
K
2O
0.
00
0.
00
0.
00
0.
00
0.
00
0.
04
0.
00
0.
08
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
15
0.
00
0.
00
0.
00
To
ta
l
99
.2
4
99
.5
3
99
.0
4
99
.6
2
10
1.
60
96
.9
5
96
.6
8
96
.7
0
99
.4
8
10
0.
03
99
.1
9
99
.6
3
99
.5
7
98
.9
4
99
.1
8
99
.3
0
10
0.
34
10
0.
33
99
.8
2
10
0.
88
10
0.
60
10
1.
12
N
o.
 O
6.
00
6.
00
6.
00
6.
00
6.
00
23
.0
0
23
.0
0
23
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
12
.0
0
Si
1.
99
1.
99
2.
00
2.
00
2.
00
7.
26
5.
86
7.
32
2.
92
2.
93
2.
93
2.
93
2.
92
2.
92
2.
93
2.
93
2.
94
2.
95
2.
93
2.
95
2.
95
2.
94
Ti
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
01
0.
03
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
A
l
0.
35
0.
37
0.
37
0.
36
0.
29
1.
23
3.
07
1.
46
1.
97
1.
95
1.
95
1.
96
1.
96
1.
94
1.
95
1.
94
1.
94
1.
96
1.
96
1.
98
1.
97
1.
99
Fe
0.
21
0.
21
0.
22
0.
22
0.
22
1.
74
2.
12
1.
67
1.
84
1.
83
1.
83
1.
84
1.
84
1.
89
1.
87
1.
87
1.
86
1.
83
1.
80
1.
75
1.
76
1.
78
M
n
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
01
0.
01
0.
04
0.
04
0.
03
0.
03
0.
03
0.
03
0.
03
0.
03
0.
04
0.
03
0.
04
0.
03
0.
03
0.
03
M
g
0.
49
0.
47
0.
46
0.
46
0.
54
3.
42
2.
18
3.
08
0.
58
0.
57
0.
59
0.
59
0.
59
0.
60
0.
60
0.
59
0.
59
0.
57
0.
64
0.
62
0.
62
0.
61
Ca
0.
55
0.
55
0.
55
0.
55
0.
62
1.
13
1.
81
0.
91
0.
75
0.
76
0.
75
0.
73
0.
73
0.
72
0.
71
0.
72
0.
71
0.
73
0.
70
0.
72
0.
71
0.
70
N
a
0.
48
0.
47
0.
45
0.
46
0.
38
0.
64
1.
05
0.
90
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
00
0.
00
0.
00
K
0.
00
0.
00
0.
00
0.
00
0.
00
0.
01
0.
00
0.
01
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
00
0.
02
0.
00
0.
00
0.
00
To
ta
l
4.
08
4.
05
4.
04
4.
05
4.
05
15
.4
4
16
.1
2
15
.3
8
8.
09
8.
09
8.
09
8.
09
8.
09
8.
11
8.
09
8.
09
8.
09
8.
07
8.
10
8.
06
8.
06
8.
06
106
The University of Sydney, PhD Thesis, Adrianna Rajkumar, 2015.
Appendix III
Representative LA-ICMPS data
107
The University of Sydney, PhD Thesis, Adrianna Rajkumar, 2015.
13
TS
O
1C
1
G
ar
ne
t
G
ar
ne
t
Ta
lc
Ta
lc
A
m
ph
ib
ol
e
A
m
ph
ib
ol
e
A
m
ph
ib
ol
e
G
ar
ne
t
G
ar
ne
t
O
m
ph
ac
ite
O
m
ph
ac
ite
O
m
ph
ac
ite
G
ar
ne
t
G
ar
ne
t
Zo
is
ite
Zo
is
ite
A
m
ph
ib
ol
e
Pa
ra
go
ni
te
Pa
ra
go
ni
te
rim
co
re
rim
co
re
rim
co
re
13
9 L
a
<0
.0
0
0.
25
0.
00
<0
.0
13
2
0.
01
0.
00
<0
.0
08
8
<0
.0
14
2
0.
34
0.
03
0.
02
0.
02
<0
.0
14
8
0.
60
23
.9
7
13
.8
4
0.
06
<0
.0
16
4
<0
.0
15
5
14
0 C
e
<0
.0
13
2
1.
33
0.
00
0.
01
0.
26
0.
06
0.
02
0.
01
1.
33
0.
14
0.
12
0.
12
<0
.0
14
0
1.
86
67
.1
5
40
.1
5
0.
17
<0
.0
21
8
0.
01
14
1 P
r
0.
01
0.
27
<0
.0
06
6
<0
.0
12
7
0.
01
0.
03
<0
.0
07
0
0.
00
0.
21
0.
06
0.
06
0.
03
<0
.0
11
8
0.
42
9.
69
6.
09
0.
04
0.
01
0.
01
14
6 N
d
0.
13
1.
58
<0
.0
27
0.
01
0.
10
0.
23
<0
.0
57
0.
11
1.
09
0.
41
0.
53
0.
35
0.
17
1.
97
44
.7
5
29
.6
9
0.
30
<0
.1
06
<0
.1
42
14
7 S
m
1.
48
0.
88
<0
.0
43
<0
.0
0
0.
07
0.
16
0.
13
0.
87
0.
48
0.
43
0.
33
0.
18
0.
89
1.
29
9.
86
9.
27
0.
25
<0
.0
86
<0
.1
41
15
3 E
u
1.
52
0.
52
0.
02
0.
01
0.
03
0.
10
0.
05
1.
17
0.
42
0.
17
0.
15
0.
13
1.
34
1.
52
3.
21
5.
71
0.
17
<0
.0
36
<0
.0
19
9
15
7 G
d
7.
44
2.
47
0.
07
<0
.0
0
0.
05
0.
33
0.
18
5.
43
3.
07
0.
44
0.
22
0.
23
6.
26
6.
19
6.
05
7.
84
0.
26
0.
02
<0
.1
28
15
9 T
b
1.
00
0.
74
0.
01
0.
00
0.
01
0.
04
0.
02
0.
99
1.
47
0.
01
0.
02
0.
02
1.
09
2.
11
0.
49
1.
04
0.
01
<0
.0
11
0
<0
.0
14
8
16
1 D
y
4.
44
6.
45
0.
03
<0
.0
50
0.
05
0.
26
0.
14
4.
53
17
.9
8
<0
.0
57
<0
.0
50
0.
08
5.
49
14
.9
9
2.
21
5.
24
0.
08
<0
.0
63
0.
03
16
5 H
o
0.
60
1.
63
0.
00
0.
00
0.
01
0.
03
0.
02
0.
75
4.
64
0.
01
0.
01
0.
01
0.
87
2.
21
0.
40
0.
91
0.
01
<0
.0
11
5
<0
.0
10
9
16
7 E
r
1.
22
5.
04
<0
.0
24
<0
.0
27
0.
04
0.
09
0.
07
1.
66
14
.7
1
<0
.0
31
0.
04
<0
.0
20
2
2.
08
3.
82
1.
58
2.
05
0.
01
0.
01
0.
01
16
9 T
m
0.
10
0.
92
0.
00
0.
01
<0
.0
07
0
<0
.0
08
7
<0
.0
09
7
0.
19
1.
71
0.
01
<0
.0
06
8
<0
.0
0
0.
27
0.
42
0.
18
0.
20
<0
.0
04
1
0.
00
0.
00
17
3 Y
b
0.
85
7.
13
<0
.0
33
0.
04
<0
.0
35
<0
.0
62
<0
.0
24
1.
07
11
.3
5
<0
.0
30
0.
03
0.
02
1.
69
2.
10
1.
12
1.
08
0.
04
0.
07
0.
02
17
5 L
u
0.
13
0.
99
<0
.0
03
9
<0
.0
08
6
<0
.0
06
0
0.
01
<0
.0
05
8
0.
21
1.
48
0.
01
0.
01
<0
.0
0
0.
27
0.
25
0.
16
0.
11
0.
02
0.
01
<0
.0
10
3
17
8 H
f
0.
97
0.
22
<0
.0
18
6
0.
66
0.
14
0.
08
0.
39
<0
.0
32
2.
38
0.
10
0.
87
0.
05
0.
04
0.
02
0.
13
0.
39
0.
54
0.
01
0.
28
18
1 T
a
<0
.0
06
9
0.
36
<0
.0
07
1
<0
.0
0
0.
02
<0
.0
05
5
<0
.0
06
2
<0
.0
09
9
0.
11
0.
03
0.
74
<0
.0
06
9
<0
.0
07
4
<0
.0
12
0
0.
00
<0
.0
0
<0
.0
04
6
<0
.0
11
5
<0
.0
0
20
8 P
b
<0
.0
28
3
2.
83
0.
02
<0
.0
24
0
0.
33
0.
57
0.
41
<0
.0
32
0.
08
1.
22
1.
00
0.
71
0.
01
0.
07
38
.7
7
39
.8
3
0.
89
4.
48
4.
23
23
2 T
h
0.
04
0.
06
<0
.0
04
8
<0
.0
15
1
<0
.0
07
4
<0
.0
11
2
<0
.0
07
2
<0
.0
08
1
0.
07
<0
.0
12
3
0.
01
0.
00
<0
.0
12
1
0.
16
1.
16
0.
24
0.
01
<0
.0
23
1
0.
01
23
8 U
0.
03
0.
03
<0
.0
04
2
0.
01
<0
.0
06
4
<0
.0
05
6
0.
01
0.
01
0.
02
<0
.0
10
7
0.
01
<0
.0
08
5
0.
00
0.
04
0.
08
0.
19
0.
01
<0
.0
23
3
<0
.0
22
1
13
TS
O
1C
1
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
m
an
tle
ou
te
r c
or
e
ou
te
r c
or
e
rim
rim
m
an
tle
ou
te
r c
or
e
in
ne
r c
or
e
co
re
in
ne
r c
or
e
ou
te
r c
or
e
m
an
tle
rim
m
an
tle
rim
rim
ou
te
r c
or
e
in
ne
r c
or
e
ou
te
r c
or
e
rim
13
9 L
a
0.
00
<0
.0
07
9
<0
.0
0
<0
.0
06
5
<0
.0
13
7
<0
.0
0
<0
.0
05
8
0.
01
0.
02
0.
02
<0
.0
14
0
<0
.0
09
2
<0
.0
05
3
<0
.0
08
9
<0
.0
10
6
<0
.0
10
0
<0
.0
11
6
<0
.0
13
7
0.
01
0.
01
14
0 C
e
0.
02
0.
01
0.
01
<0
.0
04
2
<0
.0
11
3
0.
00
0.
01
0.
02
0.
20
0.
03
<0
.0
06
1
0.
02
<0
.0
07
0
<0
.0
08
2
0.
01
0.
00
0.
03
0.
02
0.
03
0.
01
14
1 P
r
0.
01
<0
.0
04
0
<0
.0
05
1
<0
.0
08
1
<0
.0
06
9
0.
01
<0
.0
07
3
<0
.0
05
5
0.
02
0.
01
<0
.0
06
5
0.
01
<0
.0
09
6
0.
01
<0
.0
04
9
<0
.0
07
0
<0
.0
05
0
<0
.0
21
2
<0
.0
05
7
0.
01
14
6 N
d
0.
37
0.
08
0.
15
0.
10
0.
24
0.
24
0.
07
0.
06
0.
18
<0
.0
50
0.
05
0.
29
0.
18
0.
39
0.
06
0.
06
0.
05
<0
.0
66
0.
12
0.
13
14
7 S
m
2.
80
0.
69
1.
62
0.
72
2.
39
1.
44
0.
63
0.
08
0.
18
0.
08
0.
50
2.
36
1.
74
2.
57
<0
.0
59
0.
49
0.
29
0.
11
0.
60
0.
80
15
3 E
u
3.
00
0.
80
2.
10
1.
00
2.
86
1.
97
1.
01
0.
16
0.
44
0.
07
0.
63
2.
75
1.
82
2.
87
0.
11
0.
68
0.
25
0.
14
1.
05
0.
90
15
7 G
d
12
.2
0
6.
13
9.
98
4.
86
11
.7
9
9.
07
5.
86
1.
63
3.
43
0.
69
5.
08
12
.4
4
7.
71
12
.1
9
0.
44
3.
35
2.
34
0.
95
6.
18
4.
82
15
9 T
b
1.
94
3.
00
2.
20
0.
98
1.
58
2.
27
2.
44
1.
05
1.
75
0.
42
2.
08
1.
93
1.
50
1.
84
0.
23
0.
79
1.
18
0.
46
3.
26
0.
89
16
1 D
y
8.
47
33
.6
7
12
.2
6
4.
46
6.
07
12
.1
9
23
.2
3
17
.0
8
22
.0
2
6.
91
19
.4
4
8.
87
6.
79
8.
74
1.
87
5.
00
15
.0
8
8.
97
34
.4
7
4.
74
16
5 H
o
1.
23
8.
17
2.
02
0.
79
0.
92
1.
94
5.
17
7.
28
7.
37
3.
45
4.
34
1.
31
0.
93
1.
13
0.
48
0.
75
4.
51
3.
90
8.
36
0.
70
16
7 E
r
2.
61
22
.8
5
4.
97
1.
64
2.
01
4.
52
14
.3
8
32
.3
5
21
.4
2
18
.2
5
11
.4
4
2.
78
1.
75
2.
51
1.
91
1.
37
13
.2
0
19
.4
4
25
.8
7
1.
57
16
9 T
m
0.
31
2.
96
0.
70
0.
18
0.
21
0.
63
2.
07
5.
79
3.
11
3.
76
1.
32
0.
42
0.
25
0.
31
0.
24
0.
17
1.
84
3.
92
3.
81
0.
19
17
3 Y
b
2.
43
18
.2
6
5.
41
0.
98
1.
68
4.
33
14
.1
2
42
.8
1
21
.1
2
35
.2
6
7.
96
3.
39
1.
65
2.
29
2.
22
0.
95
9.
68
34
.4
0
26
.1
1
1.
27
17
5 L
u
0.
41
2.
08
0.
75
0.
18
0.
24
0.
84
1.
69
6.
29
2.
57
6.
34
1.
12
0.
64
0.
27
0.
42
0.
47
0.
13
1.
20
5.
75
3.
37
0.
20
17
8 H
f
0.
17
2.
87
0.
21
1.
34
0.
07
4.
16
0.
22
<0
.0
25
19
.2
2
2.
78
0.
57
0.
36
0.
22
0.
17
25
.9
3
0.
37
1.
75
0.
37
<0
.0
25
<0
.0
24
0
18
1 T
a
<0
.0
09
3
0.
01
<0
.0
10
3
<0
.0
05
9
<0
.0
09
7
<0
.0
11
6
0.
00
0.
01
2.
60
<0
.0
10
8
<0
.0
04
3
<0
.0
10
3
<0
.0
04
9
<0
.0
11
6
0.
01
<0
.0
04
6
<0
.0
04
0
<0
.0
12
5
<0
.0
11
1
<0
.0
06
2
20
8 P
b
<0
.0
36
0.
03
<0
.0
22
1
<0
.0
25
9
<0
.0
43
<0
.0
24
0.
06
<0
.0
30
0.
09
0.
05
<0
.0
21
3
<0
.0
35
0.
02
<0
.0
31
<0
.0
26
<0
.0
19
3
0.
07
0.
16
0.
02
0.
09
23
2 T
h
<0
.0
10
0
0.
03
<0
.0
13
5
0.
02
<0
.0
07
4
0.
02
<0
.0
04
9
<0
.0
10
1
0.
04
0.
01
<0
.0
09
7
0.
01
0.
01
0.
01
0.
26
<0
.0
10
3
0.
05
<0
.0
09
4
<0
.0
08
3
<0
.0
09
8
23
8 U
<0
.0
08
3
0.
02
0.
01
0.
02
<0
.0
13
8
0.
08
<0
.0
08
3
<0
.0
08
5
0.
03
<0
.0
09
2
<0
.0
08
2
<0
.0
11
3
<0
.0
12
1
<0
.0
16
9
0.
66
0.
01
0.
02
0.
01
<0
.0
08
6
<0
.0
14
4
108
The University of Sydney, PhD Thesis, Adrianna Rajkumar, 2015.
13
TS
O
1C
1
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
Pa
ra
go
ni
te
Zo
isi
te
A
m
ph
ib
ol
e
O
m
ph
ac
ite
G
ar
ne
t
Zo
isi
te
Zo
isi
te
O
m
ph
ac
ite
O
m
ph
ac
ite
A
m
ph
ib
ol
e
A
m
ph
ib
ol
e
A
m
ph
ib
ol
e
Ta
lc
Ta
lc
m
an
tle
ou
te
r c
or
e
co
re
rim
co
re
co
re
m
an
tle
co
re
13
9 L
a
0.
02
0.
01
<0
.0
05
9
0.
01
0.
02
0.
09
<0
.0
0
<0
.0
15
1
21
.1
6
0.
02
0.
02
0.
33
22
.3
8
12
.5
0
0.
02
0.
02
<0
.0
03
0
<0
.0
04
8
<0
.0
08
0
<0
.0
0
<0
.0
07
6
14
0 C
e
0.
06
0.
09
0.
02
0.
02
<0
.0
14
5
0.
33
0.
02
<0
.0
08
0
64
.7
8
0.
11
0.
12
0.
66
64
.2
2
36
.3
4
0.
12
0.
13
0.
04
0.
04
0.
01
0.
01
0.
01
14
1 P
r
0.
02
0.
02
<0
.0
09
7
0.
01
<0
.0
12
9
0.
07
0.
01
<0
.0
07
1
10
.5
6
0.
02
0.
04
0.
17
9.
35
5.
51
0.
04
0.
04
0.
01
0.
02
0.
01
<0
.0
05
7
<0
.0
07
4
14
6 N
d
0.
17
0.
16
0.
13
0.
23
<0
.0
0
0.
34
0.
23
<0
.0
60
54
.8
4
0.
22
0.
36
0.
32
40
.5
6
25
.6
7
0.
27
0.
44
0.
09
0.
12
0.
05
<0
.0
23
0.
01
14
7 S
m
1.
17
0.
43
0.
69
1.
41
0.
38
0.
53
1.
90
<0
.1
40
15
.6
1
0.
15
0.
24
0.
30
9.
56
6.
12
0.
29
0.
22
0.
13
0.
17
0.
07
<0
.0
38
<0
.0
0
15
3 E
u
1.
25
0.
81
1.
13
1.
89
0.
40
0.
49
2.
27
0.
02
5.
24
0.
09
0.
13
0.
46
3.
85
2.
79
0.
14
0.
15
0.
03
0.
04
0.
02
0.
04
0.
00
15
7 G
d
6.
55
3.
73
6.
91
8.
45
3.
72
4.
37
10
.1
4
<0
.0
82
12
.2
4
0.
13
0.
24
5.
13
5.
93
4.
45
0.
26
0.
21
0.
11
0.
10
0.
06
0.
16
<0
.0
0
15
9 T
b
1.
11
1.
18
3.
35
1.
74
1.
71
1.
87
1.
73
0.
00
1.
17
0.
02
0.
02
1.
73
0.
41
0.
45
0.
01
0.
01
0.
01
0.
01
<0
.0
05
2
0.
02
0.
00
16
1 D
y
5.
48
8.
75
33
.7
1
9.
45
24
.5
3
24
.1
3
8.
98
<0
.0
68
4.
90
<0
.0
28
0.
04
20
.8
0
1.
60
2.
00
0.
06
0.
06
0.
11
0.
12
0.
06
0.
06
<0
.0
29
16
5 H
o
0.
93
1.
60
7.
73
1.
44
7.
75
7.
05
1.
31
<0
.0
10
5
0.
71
0.
01
<0
.0
06
1
4.
42
0.
28
0.
31
0.
01
0.
01
0.
02
0.
02
0.
01
0.
01
0.
00
16
7 E
r
2.
08
4.
44
19
.0
9
3.
19
27
.5
9
22
.8
3
2.
80
0.
06
1.
60
<0
.0
17
9
<0
.0
34
10
.6
9
0.
67
0.
59
<0
.0
19
6
<0
.0
11
0
0.
06
0.
03
0.
06
<0
.0
21
0.
02
16
9 T
m
0.
26
0.
76
2.
35
0.
37
4.
12
3.
52
0.
32
<0
.0
15
4
0.
16
<0
.0
03
9
<0
.0
06
3
1.
56
0.
04
0.
07
<0
.0
05
0
<0
.0
04
2
0.
01
<0
.0
05
4
0.
01
0.
00
<0
.0
0
17
3 Y
b
1.
70
4.
46
13
.1
1
2.
57
28
.7
1
23
.7
6
2.
21
0.
29
1.
22
0.
01
0.
04
10
.9
7
0.
36
0.
27
<0
.0
27
0
0.
01
0.
05
0.
07
0.
03
0.
04
0.
02
17
5 L
u
0.
26
0.
49
1.
41
0.
45
4.
19
3.
32
0.
38
0.
12
0.
21
0.
00
0.
01
1.
12
0.
03
0.
05
<0
.0
06
0
<0
.0
1
0.
02
0.
01
0.
01
<0
.0
03
4
0.
01
17
8 H
f
0.
92
0.
20
1.
31
2.
55
<0
.0
40
11
.0
6
0.
58
8.
42
12
.9
6
0.
20
0.
88
1.
45
0.
49
0.
94
0.
26
0.
07
0.
09
0.
20
0.
16
0.
02
0.
49
18
1 T
a
<0
.0
10
4
0.
01
0.
29
<0
.0
07
4
<0
.0
0
<0
.0
09
1
<0
.0
08
7
<0
.0
16
2
0.
12
<0
.0
04
1
<0
.0
03
3
<0
.0
19
1
<0
.0
07
4
<0
.0
07
4
<0
.0
06
6
<0
.0
02
9
<0
.0
05
6
<0
.0
04
5
<0
.0
03
09
<0
.0
06
2
<0
.0
0
20
8 P
b
0.
11
0.
03
0.
04
0.
04
<0
.0
47
0.
24
<0
.0
41
4.
49
38
.1
7
0.
63
0.
89
<0
.0
26
39
.2
9
36
.8
8
0.
77
0.
82
0.
38
0.
52
0.
47
0.
04
0.
02
23
2 T
h
<0
.0
10
5
<0
.0
10
1
0.
02
0.
10
<0
.0
21
0.
47
<0
.0
13
8
<0
.0
23
6
1.
33
0.
01
0.
00
0.
04
1.
44
0.
66
<0
.0
08
6
<0
.0
08
3
<0
.0
07
3
0.
01
<0
.0
07
0
<0
.0
04
1
<0
.0
08
8
23
8 U
0.
02
<0
.0
08
6
<0
.0
12
1
0.
10
0.
02
0.
12
0.
01
0.
08
1.
10
0.
00
0.
01
<0
.0
24
0.
27
0.
09
<0
.0
05
7
<0
.0
07
1
<0
.0
06
2
<0
.0
0
<0
.0
08
4
0.
00
0.
01
13
TS
O
8B
G
ar
ne
t
G
ar
ne
t
Q
ua
rtz
A
pa
tit
e
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
A
m
ph
ib
ol
e
A
m
ph
ib
ol
e
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
Ru
tle
O
m
ph
ac
ite
O
m
ph
ac
ite
rim
co
re
rim
rim
co
re
co
re
m
an
tle
m
an
tle
rim
co
re
co
re
m
an
tle
co
re
13
9 L
a
0.
01
14
.1
6
3.
39
18
.2
4
0.
00
<0
.0
09
3
5.
23
3.
20
0.
07
0.
10
<0
.0
10
1
0.
04
0.
02
0.
06
2.
97
3.
84
0.
14
0.
01
0.
02
0.
01
14
0 C
e
0.
06
44
.7
4
2.
37
24
.5
5
<0
.0
08
9
0.
03
11
.0
5
7.
61
0.
34
0.
27
0.
10
0.
18
0.
15
0.
11
6.
49
7.
81
0.
29
0.
01
0.
09
0.
06
14
1 P
r
0.
02
7.
63
0.
59
63
.9
2
<0
.0
14
8
0.
01
1.
28
0.
89
0.
03
0.
05
0.
02
0.
05
0.
04
0.
02
0.
74
0.
96
<0
.0
17
8
0.
00
0.
03
0.
02
14
6 N
d
0.
25
49
.4
1
0.
67
6.
80
0.
32
0.
20
5.
11
3.
79
<0
.0
78
0.
06
0.
25
0.
59
0.
34
0.
10
2.
82
3.
80
0.
12
<0
.0
10
9
0.
27
0.
19
14
7 S
m
1.
19
21
.1
9
0.
44
13
.4
4
1.
73
1.
46
1.
16
1.
30
0.
90
0.
20
1.
46
0.
46
0.
37
0.
31
0.
94
0.
87
0.
06
0.
03
0.
25
0.
15
15
3 E
u
1.
49
6.
57
0.
54
61
.0
4
1.
48
1.
66
0.
54
0.
66
1.
34
0.
26
1.
45
0.
19
0.
15
0.
18
0.
34
0.
49
0.
07
0.
06
0.
10
0.
11
15
7 G
d
8.
40
18
.2
9
1.
00
10
.6
7
9.
55
12
.0
0
2.
53
2.
67
10
.5
1
2.
66
8.
84
0.
57
0.
54
1.
25
1.
35
3.
58
0.
16
0.
61
0.
32
0.
34
15
9 T
b
1.
23
1.
70
0.
32
14
.8
4
1.
72
2.
92
0.
62
0.
60
2.
96
1.
28
1.
27
0.
04
0.
04
0.
34
0.
41
1.
13
0.
07
0.
14
0.
03
0.
07
16
1 D
y
6.
96
11
.4
2
0.
47
91
.2
9
7.
93
14
.6
4
5.
90
4.
91
16
.7
8
12
.7
0
7.
82
0.
09
0.
16
3.
29
4.
51
10
.3
8
0.
68
0.
81
0.
08
0.
08
16
5 H
o
1.
33
2.
41
0.
26
79
.1
8
1.
35
2.
34
1.
75
1.
26
2.
68
2.
50
1.
53
0.
01
0.
02
0.
95
1.
38
2.
33
0.
34
0.
14
<0
.0
07
2
0.
01
16
7 E
r
3.
74
6.
87
1.
98
24
6.
11
3.
57
5.
66
7.
17
4.
54
6.
73
6.
26
3.
76
<0
.0
28
0.
08
3.
22
4.
71
6.
02
1.
57
0.
36
0.
06
0.
02
16
9 T
m
0.
47
0.
80
2.
84
25
6.
14
0.
45
0.
76
1.
25
0.
66
0.
78
0.
92
0.
49
0.
00
0.
02
0.
61
0.
85
0.
73
0.
46
0.
04
0.
00
<0
.0
08
0
17
3 Y
b
2.
82
5.
76
1.
57
31
.9
8
2.
58
4.
01
10
.7
2
5.
04
5.
02
5.
26
3.
29
<0
.0
38
0.
12
6.
09
7.
20
4.
44
4.
10
0.
29
0.
03
<0
.0
25
17
5 L
u
0.
48
0.
76
0.
99
6.
11
0.
41
0.
62
1.
75
0.
77
0.
70
0.
74
0.
51
0.
00
0.
02
1.
33
1.
14
0.
58
0.
84
0.
04
0.
00
<0
.0
05
9
17
8 H
f
<0
.0
39
1.
02
0.
30
65
.4
6
0.
01
1.
99
2.
31
0.
54
0.
02
49
.0
6
0.
42
1.
09
2.
07
0.
07
0.
07
0.
09
<0
.0
36
0.
33
0.
27
0.
03
18
1 T
a
0.
01
1.
64
0.
79
42
.3
6
0.
00
0.
02
0.
21
0.
21
<0
.0
17
2
0.
60
0.
01
0.
05
0.
30
0.
15
0.
13
0.
02
0.
02
3.
17
0.
14
0.
00
20
8 P
b
0.
75
1.
72
9.
68
23
9.
54
<0
.0
24
0.
10
1.
23
0.
27
1.
55
1.
20
0.
74
2.
44
2.
45
0.
12
1.
32
2.
38
0.
05
0.
06
1.
68
1.
18
23
2 T
h
<0
.0
14
1
1.
31
0.
39
19
.1
9
0.
01
0.
49
0.
92
0.
45
0.
02
0.
62
0.
01
<0
.0
05
6
<0
.0
05
4
0.
02
0.
23
0.
50
<0
.0
20
6
0.
00
0.
01
0.
01
23
8 U
<0
.0
19
2
0.
82
1.
91
34
.9
5
0.
00
0.
20
0.
59
0.
12
<0
.0
12
1
4.
78
0.
05
0.
05
0.
07
<0
.0
07
7
0.
09
0.
12
<0
.0
07
9
0.
12
0.
05
0.
01
109
The University of Sydney, PhD Thesis, Adrianna Rajkumar, 2015.
13
TS
O
8C
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
m
an
tle
co
re
co
re
rim
m
an
tle
rim
co
re
rim
m
an
tle
co
re
rim
co
re
co
re
co
re
m
an
tle
rim
co
re
rim
m
an
tle
13
9 L
a
0.
03
0.
07
0.
09
<0
.0
16
5
<0
.0
0
0.
01
<0
.0
17
9
0.
00
<0
.0
0
0.
06
0.
01
0.
06
0.
05
<0
.0
10
1
<0
.0
07
5
<0
.0
0
<0
.0
15
8
0.
00
1.
63
14
0 C
e
0.
05
0.
13
0.
08
<0
.0
15
2
<0
.0
11
8
0.
01
0.
04
<0
.0
0
<0
.0
21
0.
22
0.
07
0.
18
0.
12
<0
.0
09
3
<0
.0
09
8
0.
01
0.
08
<0
.0
07
2
3.
65
14
1 P
r
0.
01
<0
.0
0
0.
03
<0
.0
15
5
0.
01
<0
.0
06
9
<0
.0
12
7
<0
.0
15
4
<0
.0
10
8
0.
03
<0
.0
15
3
<0
.0
21
<0
.0
13
6
<0
.0
08
3
<0
.0
08
7
0.
01
<0
.0
10
5
<0
.0
06
4
0.
49
14
6 N
d
<0
.0
28
3
<0
.0
91
<0
.0
97
0.
16
<0
.0
72
0.
24
0.
07
0.
16
<0
.1
02
<0
.1
16
0.
22
0.
19
0.
15
<0
.0
86
<0
.0
82
0.
18
<0
.0
45
<0
.0
67
2.
74
14
7 S
m
0.
39
0.
22
<0
.1
38
1.
35
0.
09
2.
37
0.
11
2.
11
0.
23
0.
12
1.
92
0.
12
0.
12
0.
04
<0
.0
95
1.
68
0.
08
1.
50
0.
40
15
3 E
u
0.
19
0.
46
0.
28
1.
79
0.
42
2.
26
0.
26
2.
75
0.
13
0.
14
2.
69
0.
28
0.
09
0.
06
0.
09
2.
45
0.
15
2.
18
0.
40
15
7 G
d
2.
38
2.
20
0.
44
11
.5
1
3.
44
18
.2
3
1.
54
20
.2
4
1.
62
1.
12
19
.1
4
0.
91
1.
16
0.
25
0.
63
16
.4
8
1.
15
14
.8
0
2.
73
15
9 T
b
0.
93
0.
70
0.
08
2.
26
1.
58
4.
25
0.
38
4.
58
0.
72
0.
36
3.
93
0.
50
0.
41
0.
16
0.
35
3.
09
0.
52
2.
55
0.
88
16
1 D
y
10
.5
7
5.
28
0.
51
11
.1
4
17
.0
1
20
.4
6
2.
52
19
.4
4
9.
13
4.
29
17
.0
3
5.
56
3.
56
2.
20
4.
35
13
.1
0
6.
61
11
.5
5
8.
39
16
5 H
o
2.
43
1.
16
0.
14
1.
91
4.
19
3.
23
0.
59
2.
76
2.
46
0.
94
2.
50
1.
60
0.
86
0.
77
1.
27
1.
89
2.
04
1.
78
1.
90
16
7 E
r
6.
71
2.
76
0.
08
5.
24
12
.6
2
7.
56
1.
72
6.
68
6.
85
3.
39
5.
19
4.
74
2.
80
2.
90
3.
91
4.
53
5.
88
4.
70
4.
60
16
9 T
m
0.
87
0.
58
<0
.0
11
2
0.
67
1.
77
0.
99
0.
25
0.
74
0.
82
0.
52
0.
60
0.
57
0.
42
0.
57
0.
56
0.
55
0.
80
0.
47
0.
55
17
3 Y
b
5.
34
3.
98
0.
16
4.
28
10
.6
0
5.
60
2.
13
4.
49
5.
69
3.
22
3.
71
4.
40
2.
93
4.
32
4.
30
3.
55
5.
03
2.
98
3.
96
17
5 L
u
0.
81
0.
58
0.
04
0.
65
1.
22
0.
89
0.
32
0.
55
0.
75
0.
46
0.
56
0.
61
0.
38
0.
61
0.
54
0.
56
0.
64
0.
36
0.
39
17
8 H
f
0.
04
0.
15
<0
.0
59
<0
.0
28
0.
14
<0
.0
36
0.
05
<0
.0
40
0.
04
<0
.0
50
0.
05
<0
.0
90
<0
.0
55
<0
.0
37
0.
03
0.
51
0.
05
0.
28
<0
.0
0
18
1 T
a
<0
.0
10
9
0.
21
0.
06
<0
.0
17
9
<0
.0
12
0
<0
.0
0
0.
11
0.
01
0.
01
0.
02
<0
.0
19
6
<0
.0
2
0.
04
0.
01
0.
02
0.
01
0.
02
0.
01
<0
.0
0
20
8 P
b
3.
16
3.
87
0.
63
<0
.0
57
1.
39
<0
.0
48
0.
05
<0
.0
38
<0
.0
37
0.
33
0.
23
2.
89
0.
43
0.
09
0.
16
<0
.0
48
0.
10
0.
82
1.
27
23
2 T
h
<0
.0
12
4
0.
02
<0
.0
17
0.
02
<0
.0
12
8
<0
.0
25
5
<0
.0
19
1
0.
00
<0
.0
11
4
0.
03
0.
03
0.
11
0.
05
<0
.0
08
8
0.
02
<0
.0
28
4
<0
.0
29
<0
.0
13
6
0.
03
23
8 U
<0
.0
16
0
<0
.0
25
0.
01
0.
08
<0
.0
20
0.
01
<0
.0
16
1
0.
02
0.
01
0.
02
0.
03
0.
10
0.
01
<0
.0
18
1
<0
.0
07
8
0.
02
<0
.0
18
7
<0
.0
16
0.
09
13
TS
O
8C
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
G
ar
ne
t
O
m
p
O
m
p
O
m
p
co
re
m
an
tle
rim
rim
rim
co
re
m
an
tle
rim
m
an
tle
m
an
tle
co
re
13
9 L
a
0.
03
4.
95
0.
32
0.
01
0.
01
<0
.0
13
3
20
.0
2
0.
07
0.
18
<0
.0
10
1
0.
21
0.
05
0.
03
0.
04
14
0 C
e
0.
08
10
.1
7
1.
04
0.
04
<0
.0
15
7
<0
.0
12
2
41
.1
8
0.
23
0.
28
<0
.0
16
0
0.
90
0.
12
0.
23
0.
19
14
1 P
r
0.
01
1.
17
0.
10
<0
.0
24
2
0.
01
<0
.0
10
9
5.
06
0.
03
0.
04
<0
.0
08
2
0.
10
0.
02
0.
04
0.
05
14
6 N
d
0.
14
6.
31
0.
39
<0
.0
97
<0
.1
08
<0
.0
33
21
.4
8
0.
18
0.
36
<0
.0
99
0.
48
0.
10
0.
49
0.
53
14
7 S
m
0.
28
0.
68
1.
72
1.
37
1.
43
0.
13
4.
80
1.
58
0.
28
0.
33
0.
15
0.
11
0.
42
0.
58
15
3 E
u
0.
12
0.
73
1.
91
1.
83
2.
10
0.
21
1.
48
2.
29
0.
33
0.
79
0.
13
0.
03
0.
18
0.
21
15
7 G
d
1.
94
3.
45
11
.5
6
11
.3
5
13
.6
5
0.
71
6.
09
14
.9
8
2.
91
6.
58
0.
71
0.
21
0.
56
0.
45
15
9 T
b
0.
84
1.
22
1.
92
1.
84
2.
55
0.
31
1.
35
2.
90
1.
58
3.
22
0.
45
0.
03
0.
04
0.
04
16
1 D
y
9.
16
13
.1
5
9.
11
8.
73
11
.4
9
2.
19
12
.5
0
12
.8
6
14
.6
0
21
.2
5
5.
13
0.
11
0.
12
0.
14
16
5 H
o
3.
26
2.
94
1.
78
1.
55
1.
96
0.
63
2.
87
2.
32
3.
40
3.
80
1.
63
0.
02
0.
02
0.
01
16
7 E
r
12
.5
9
6.
15
4.
62
4.
06
5.
31
2.
43
7.
47
5.
50
10
.7
2
9.
21
6.
39
0.
06
0.
03
<0
.0
38
16
9 T
m
2.
34
0.
94
0.
60
0.
51
0.
69
0.
34
1.
01
0.
74
1.
36
1.
17
0.
93
<0
.0
12
6
0.
01
<0
.0
04
2
17
3 Y
b
19
.1
1
6.
87
3.
70
3.
82
4.
48
3.
38
7.
03
4.
61
9.
73
8.
17
7.
30
<0
.0
79
0.
04
0.
06
17
5 L
u
3.
16
0.
92
0.
51
0.
53
0.
68
0.
63
0.
99
0.
58
1.
43
1.
04
1.
07
<0
.0
11
0
<0
.0
06
3
0.
01
17
8 H
f
0.
25
0.
08
<0
.0
42
0.
10
<0
.0
29
<0
.0
28
<0
.0
57
<0
.0
49
0.
64
0.
18
1.
19
1.
03
0.
14
0.
61
18
1 T
a
0.
07
<0
.0
13
9
<0
.0
06
7
<0
.0
22
7
<0
.0
18
5
0.
06
<0
.0
15
6
<0
.0
12
2
0.
01
<0
.0
0
<0
.0
19
0.
21
<0
.0
04
9
0.
14
20
8 P
b
0.
16
3.
46
1.
12
0.
07
<0
.0
47
0.
31
2.
15
0.
06
0.
40
<0
.0
44
0.
18
0.
64
2.
47
3.
02
23
2 T
h
<0
.0
25
0.
42
<0
.0
17
0.
01
<0
.0
17
1
<0
.0
11
5
2.
28
<0
.0
10
1
0.
02
<0
.0
21
3
0.
10
<0
.0
11
2
<0
.0
07
8
<0
.0
11
1
23
8 U
0.
02
0.
25
0.
06
<0
.0
22
8
0.
01
<0
.0
06
9
0.
69
<0
.0
10
4
0.
03
0.
05
0.
04
0.
03
0.
01
0.
02
110
The University of Sydney, PhD Thesis, Adrianna Rajkumar, 2015.
13
TS
O
8A
G
ar
ne
t
G
ar
ne
t
O
m
ph
ac
ite
O
m
ph
ac
ite
G
ar
ne
t
G
ar
ne
t
co
re
rim
rim
co
re
13
9 L
a
0.
04
<0
.0
0
0.
01
0.
01
<0
.0
10
0
0.
01
14
0 C
e
0.
13
0.
16
0.
19
0.
27
0.
05
<0
.0
18
0
14
1 P
r
0.
02
0.
02
0.
05
0.
06
0.
01
<0
.0
09
6
14
6 N
d
0.
58
0.
17
0.
54
0.
93
0.
15
0.
08
14
7 S
m
0.
57
1.
18
0.
59
0.
51
1.
29
0.
17
15
3 E
u
0.
62
1.
57
0.
22
0.
30
1.
68
0.
24
15
7 G
d
1.
96
10
.1
2
0.
81
0.
57
11
.9
7
1.
70
15
9 T
b
0.
56
2.
09
0.
06
0.
06
2.
57
0.
96
16
1 D
y
3.
17
11
.4
3
0.
24
0.
15
13
.0
4
9.
58
16
5 H
o
0.
85
1.
88
0.
03
0.
02
2.
07
2.
19
16
7 E
r
2.
59
5.
07
0.
08
0.
07
5.
19
5.
34
16
9 T
m
0.
38
0.
66
0.
01
<0
.0
05
9
0.
77
0.
72
17
3 Y
b
3.
90
3.
93
0.
09
<0
.0
21
1
5.
05
4.
46
17
5 L
u
0.
57
0.
59
0.
01
<0
.0
05
0
0.
67
0.
56
17
8 H
f
<0
.0
39
4.
26
0.
23
0.
20
7.
17
0.
23
18
1 T
a
<0
.0
12
2
0.
02
<0
.0
06
7
0.
10
<0
.0
07
1
<0
.0
08
5
20
8 P
b
3.
80
0.
46
3.
08
3.
85
0.
09
3.
05
23
2 T
h
<0
.0
22
4
4.
82
0.
09
0.
02
1.
27
0.
04
23
8 U
0.
04
1.
32
0.
06
0.
04
0.
90
0.
02
111
The University of Sydney, PhD Thesis, Adrianna Rajkumar, 2015.
Appendix IV
40Ar/39Ar step-heating data
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Appendix V
Sensitive High Resolution Ion Microprobe (SHRIMP) data
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Appendix VI
Minor Junior Authored Published Paper
I am a junior author on this paper and approximately 10% of it can be credited to this 
thesis. Construction of a P–X pseudosection for rocks of the Breaksea Orthogneiss was 
calculated during the first year of my PhD to assess the effect of oxygen fugacity on the 
stability of observed assemblages. 
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The Breaksea Orthogneiss comprises amonzodioritic host partially recrystallised to omphacite–garnet–plagioclase–
rutile granulite at 850 °C and 1.8 GPa, with metre to decametre-scale, cognate inclusions ranging from ultramaﬁc
through gabbroic to monzodioritic composition. Coarsely layered garnetite and diopsidic clinopyroxenite cumulate
preserves igneous textures, whereas garnet–omphacite cumulate shows a partial metamorphic overprint to
eclogite. Garnet and omphacite in undeformed toweakly deformed rocks have similarmajor and rare earth element
characteristics reﬂecting their common igneous origin, pointing to a lack ofmetamorphic recrystallisation. Inclusions
of omphacite–orthopyroxene–plagioclase–ulvöspinel orthogneiss have whole-rock compositions almost identical
to the host monzodiorite. Reaction zones developed along contacts between the orthopyroxene-bearing inclusions
and host contain metamorphic garnet that is microstructurally and chemically distinct from igneous garnet. The
presence of orthopyroxene is interpreted to reﬂect redox distinctions: early, oxidised magma crystallised
orthopyroxene and ulvöspinel at high-P (~1.8 GPa), garnet crystallisation having been suppressed. Progressive frac-
tionation of oxygen into early formed phases (ulvöspinel, magnetite, orthopyroxene, ferric iron-rich omphacite and
rare garnet) drove the magma to less oxidising conditions, resulting in the more common igneous assemblage of
garnet, omphacite and rutile in the main host.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction
The lower crustal roots of magmatic arcs are exposed in only a few
locations, such as the Ladakh–Kohistan arc in Northern Pakistan
(Jagoutz and Schmidt, 2012), the Talkeetna arc in Alaska (Behn and
Keleman, 2006; DeBari and Coleman, 1989) and the Fiordland arc,
New Zealand (Clarke et al., 2000; Daczko et al., 2009, 2012). Crustal
thicknesses inferred commonly for magmatic arcs lie in the range of
30 to 40 km (1.0–1.4 GPa at their base), with some overthickened Cor-
dilleran arcs reaching thicknesses in excess of 50 km (1.5–2.0 GPa). At
such deep crustal levels, intermediate to maﬁc high-P granulite and
eclogite are predicted to be the dominant rock types (O'Brien and
Rötzler, 2003; Rudnick and Fountain, 1995). These rare exposures pro-
vide unique insights into the dynamics of lower crustal processes, in
particular the interplaybetweenmagmatic andmetamorphic processes,
that otherwise can only be directly observed via xenoliths (e.g. Grifﬁn
et al., 1979).
There are large overlaps in the stability of mineral assemblages com-
monly occurring in high-grade orthogneisses and their plutonic
protoliths. This commonality can lead to ambiguity in distinguishing
metamorphic grains from igneous relicts, and debate concerning petro-
logic and tectonic interpretations of lower continental crustal rocks (e.g.
Kotková and Harley, 2010; Štípská and Powell, 2005; Williams et al.,
2000). The Cretaceous Breaksea Orthogneiss in Fiordland (De Paoli
et al., 2012) presents such an example, incorporating rare exposures of
intermediate tomaﬁc lower crustal rocks formed in a thickened arc. Igne-
ous crystallisation and subsequent metamorphic recrystallisation at
high-P and high-T produced omphacite–garnet–plagioclase assemblages
in monzodioritic compositions, and eclogite facies assemblages in gab-
broic compositions (De Paoli et al., 2012). However, Clarke et al. (2013)
interpreted that the majority of observed mineral assemblages in the
Breaksea Orthogneiss should be attributed to igneous crystallisation,
based on commonality in the rare earth element (REE) content of garnet
and clinopyroxene across diverse cogenetic rock types.
Mineral assemblages involving orthopyroxene and omphacite occur
in both granulite and eclogite components of the Breaksea Orthogneiss,
presenting anunusualmix ofminerals commonly considered character-
istic of low- and high-P granulite facies conditions (e.g. De Paoli et al.,
2012; Green, 1970; Green and Ringwood, 1967). Orthopyroxene–
Lithos 216–217 (2015) 1–16
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omphacite-bearing rocks have been reported from eclogite in theWest-
ern Gneiss Region, Norway (Mørk, 1985; Nakamura, 2003) and the
Grenville Province, Canada (Indares, 1993), being attributed to high-
Mg bulk rock compositions and/or metastable igneous orthopyroxene
relicts. In contrast, the Breaksea Orthogneiss represents the ﬁrst report-
ed granulite with co-existing omphacite and orthopyroxene. This un-
usual mineral assemblage requires explanation in the context of phase
stability and the nature of metamorphic and/or igneous origins related
to lower crustal rocks (Clarke et al., 2013; Pattison, 2003; Racek et al.,
2008; Ringuette et al., 1999; Štípská and Powell, 2005).
In this paper,we integrateﬁeld relationships and petrographywith a
detailed microstructural analysis of major and trace element mineral
chemistry within orthopyroxene-bearing rocks to characterise igneous
and metamorphic reaction histories that augment the work of Clarke
et al. (2013). Combining these methods leads us to conclude that the
presence, or absence of orthopyroxene reﬂects redox changes in the
parent magma, which progressed from early comparatively oxidised
conditions where orthopyroxene crystallised, to a later, more volumi-
nous system at comparatively reduced conditions that stabilised the
host assemblage of garnet, omphacite, plagioclase and rutile.
2. Geological setting and previous work
2.1. Geological setting
The Breaksea Orthogneiss (Allibone et al., 2009; De Paoli et al., 2009)
is a high-P (1.8 GPa) component of theWestern Fiordland Orthogneiss, a
voluminous pulse of high-Sr/Y Early Cretaceous (125–115 Ma) arc
magma emplaced inboard of the proto-Paciﬁc Gondwana margin
(Allibone and Tulloch, 2004; Bradshaw, 1989, 1993; Kimbrough et al.,
1993, 1994; Mortimer et al., 1999; Muir et al., 1995, 1998). The Breaksea
Orthogneiss is composite, mostly comprising an omphacite–garnet
granulite host of monzodioritic composition (c. 60–65%), with
layers and pods of peridotgabbroic eclogite (c. 25%: including both
orthopyroxene-bearing and absent proportions), monzodioritic
omphacite–orthopyroxene granulite (c. 5–10%), and minor garnetite,
clinopyroxenite, harzburgite and hornblende peridotite (collectively c.
5%: Clarke et al., 2013). Primary compositional layering in granulite
and eclogite are mostly transposed into an intense shallowly dipping
gneissic foliation (De Paoli et al., 2009). Igneous protoliths were de-
formed and metamorphosed at P ≈ 1.8 GPa and T ≈ 800–850 °C in
the root of the Fiordland arc (De Paoli et al., 2009, 2012). The shallow
dipping Resolution Island Shear Zone (RISZ) forms an upper carapace
to the Breaksea Orthogneiss, and juxtaposes it with Palaeozoic
metasedimentary rocks of the Gondwana margin (Beltka and Klepeis,
2013; De Paoli et al., 2009). This study focuses on samples primarily col-
lected distal to the RISZ, along a well exposed ridge transect between
Breaksea Sound and Coal River informally referred to as the ‘Breaksea
Tops’ and from the mouth of Breaksea Sound, where rare omphacite–
orthopyroxene assemblages outcrop (Fig. 1a). Samples from Breaksea
Sound show more effects of the RISZ and limited weathering related to
their coastal exposure, with such effectsminimised by selective sampling.
2.2. Igneous and metamorphic assemblages in the Breaksea Orthogneiss:
previous work
Whole-rock analyses of eclogite and granulite at both Breaksea Tops
and Breaksea Sound deﬁne a linear trend between monzodioritic and
peridotgabbroic compositions (Fig. 1b: after De Paoli et al., 2009; Clarke
et al., 2013). Contacts between centimetre- to decimetre-scale maﬁc
pods or layers and the host granulite are gradational with varying pro-
portions of garnet, clinopyroxene and plagioclase, a feature attributed
to cumulate processes that preceded high-grade penetrative deformation
(De Paoli et al., 2009). De Paoli et al. (2009) reported that maﬁc compo-
nents preserve eclogite-facies garnet, omphacite and rutile with or with-
out orthopyroxene. These are interlayeredwithmetadioritic components
with a granulite-facies assemblage involving garnet, omphacite, plagio-
clase, K-feldspar, rutile and kyanite. Clarke and co-workers subsequently
distinguished two texturally distinct garnet forms in the granulite that re-
ﬂect differing growth stages: igneous Type 1 garnet occurs as granoblastic
grains in cm-scalemaﬁc clusterswith omphacite and sparsely distributed
throughout the enclosing plagioclase-richmatrix; andmetamorphic Type
2 garnet occurs as intergrowths with quartz, in coronate and necklace
reaction structures separating clinopyroxene from plagioclase.
Garnet and clinopyroxene textures and mineral REE patterns in
coarse-grained garnetite and clinopyroxenite components have been
interpreted to record igneous growth stages, igneous microstructures
and mineral compositions having persisted through high-grade meta-
morphism due to low strain, the comparatively slow intracrystalline
diffusion of REE and limited major element mobility (Clarke et al.,
2013). The clinopyroxenite and garnetite bodies have also been geneti-
cally linked to granulite and eclogite, based on garnet REE content
(Clarke et al., 2013). The commonality in the REE patterns of idioblastic
garnet and omphacite across all orthogneiss components (garnetite,
clinopyroxenite, eclogite, granulite) has been used to argue that the
garnetite, clinopyroxenite and eclogite bodies formed as cumulates
from a common monzodioritic parent (Clarke et al., 2013).
Most granoblastic grain shapes in granulite and eclogite appear
metamorphic, yet garnet mostly lacks a positive Eu anomaly that
could be expected if it formed via plagioclase consuming metamorphic
reactions at high-P conditions (De Paoli et al., 2012; Schröter et al.,
2004). Pronounced overlap of mineral REE contents in garnetite and
clinopyroxenite is consistent with an igneous origin for the majority of
garnet, and thus also of omphacite in eclogite (garnet and clinopyroxene
volumetrically encompass 90%) (Clarke et al., 2013). Igneous and meta-
morphic growth relationships of omphacite in granulite are less clear.
Garnet has similar REE patterns to eclogite but distinct mineral associa-
tions and microstructures. Metamorphic garnet (Type 2) in granulite
has a pronounced positive Eu anomaly, and subtly enriched grossular
and diminished HREE content that distinguishes them from igneous
Type 1 garnet (Clarke et al., 2013). Textural and geochemical relation-
ships preserved in the Breaksea Orthogneiss are thus consistent with
much of the gneiss retaining igneous porphyroclastic material.
Neoblastic garnet (Type 2), attenuated omphacite, kyanite, clinozoisite
and plagioclase in granulite components reﬂect metamorphic
recrystallisation at P = 1.8–1.9 GPa and T = 800–850 °C (De Paoli
et al., 2009, 2012) that accompanied the development of S2 and oc-
curred shortly after pluton emplacement. Subjectively, the extent of
metamorphic recrystallisationmight be expected to reﬂect strain inten-
sity, less pervasive in eclogite and best developed in granulite compo-
nents (Clarke et al., 2013; De Paoli et al., 2009).
Clarke et al. (2013) concentrated on the origin of the host omphacite–
garnet granulite, eclogite and interlayered garnetite and clinopyroxenite.
However, the presence and/or absence of orthopyroxene in the Breaksea
Orthogneiss has not been considered or discussed. The interpretation
that mineral assemblages of the Breaksea Orthogneiss are dominantly
of igneous origin, particularly omphacite, is still ambiguous in intermedi-
ate granulite components and warrants further testing (Clarke et al.,
2013). Consequently, this study focuses on the orthopyroxene-bearing
assemblages, establishing ﬁeld, chemical and microstructural relation-
ships to the other main components of the Breaksea Orthogneiss. In
doing so, their petrological bearing on the lower crustal environment
can be ascertained.
3. Field relationships and petrography
The Breaksea Orthogneiss has distinctive compositional maﬁc
layering that occurs in places oblique to the dominant S1 gneissic folia-
tion (De Paoli et al., 2009). Omphacite–orthopyroxene granulite occurs as
pods and discontinuous, centimetre- to decametre-layers cut by dykes/
layers of omphacite–garnet granulite (Fig. 2a). The discontinuous,
centimetre- to decimetre-scale maﬁc lenses and layers give much of
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the orthogneiss a distinctive patchy appearance. The omphacite–
orthopyroxene granulite is separated from omphacite–garnet granulite
by centimetre- to metre-scale reaction zones deﬁned by abundant Type
2 garnet (Fig. 2a & c), thoughnebulitic contactsmay be indistinct inﬁeld
setting. Immediately adjacent to some omphacite–orthopyroxene gran-
ulite components are delicate layers of nearly pure omphacite 5–10mm
across, mantled by ﬁne-grained Type 2 garnet (Fig. 2d). Orthopyroxene
eclogite occurs as centimetre- to decametre-scale dykes and podswithin
Fig. 1. a) Geologicalmap of the Breaksea Sound area, between northern Resolution Island and Coal River (after Allibone et al., 2009). Paleozoic Takakametasedimentary rocks forma struc-
tural carapace to Cretaceous orthogneisses beneath the RISZ. Numbered circles show sample locations used in this study. b)Modiﬁed total alkali–silica (TAS) plot for eclogite and granulite
components of the Breaksea Orthogneiss after De Paoli et al. (2009) and Clarke et al. (2013), illustrating a general linear trend between peridotgabbroic andmonzodioritic protoliths. TAS
plots adapted for plutonic rocks after Middlemost (1994). PG = peridotgabbro; MG=monzogabbro; MD=monzodiorite; GD = gabbroic diorite.
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omphacite–garnet granulite in Breaksea Sound (Fig. 3d of De Paoli et al.,
2009).
Omphacite–garnet granulite has local (cm-scale) variations in garnet
and clinopyroxene mode alternating with feldspar forming a primary
layering now transposed into an S1 gneissic fabric. Centimetre-scale
elongate clusters of granoblastic omphacite (14%), garnet (20%) and ru-
tile (6%) are enclosed in a matrix dominated by plagioclase (40%),
quartz (8%), K-feldspar (some as antiperthite: 7%) and kyanite (5%).
Though mostly concentrated in clusters, omphacite and garnet also
occur distributed throughout the plagioclase-rich matrix, elongate clus-
ters and alignment of all minerals deﬁning S1. In rare cm-scale clusters,
and in garnet strain-shadows, euhedral omphacite and feldspar occur
intergrown with garnet (Fig. 3a). Large Type 1 garnet grains commonly
have ﬁne rutile exsolution through much of the inner grain core, and
may have overgrowths of garnet and quartz mimicking the style of
Type 2 garnet (Fig. 3b). Type 1 garnet may also have rare magnetite in-
clusions restricted to grain coreswith rutile inclusions and exsolution in
outer parts of the grains. Fine-grained symplectites of post-S1 diopside
and plagioclase partially pseudomorph omphacite (Fig. 3a).
The cores of omphacite–orthopyroxene granulite pods and layers
comprise granoblastic plagioclase (46%), omphacite (18%), kyanite
(11%), orthopyroxene (5–8%), quartz (6%), ulvöspinel (5%), and K-
feldspar (some as antiperthite: 4%) with minor Type 1 garnet (~1%)
and apatite (2%). Orthopyroxene and omphacite form cm-scale maﬁc
clusters, large orthopyroxene grains (1–3mmacross) beingmostly sep-
arated from the enclosing plagioclase-rich matrix by equigranular
omphacite (Fig. 3c & d). Euhedral quartz (restricted to outer margins),
plagioclase, omphacite, ulvöspinel and apatite inclusions occur random-
ly in orthopyroxene (Fig. 3c). Some grain cores of orthopyroxene and
omphacite have acicular rutile exsolution needles, and, in places, blebs
of exsolved ilmenite or pigeonitic pyroxene (Fig. 3d). Small (200–
400 μm) omphacite grains deﬁne symmetrical to asymmetrical tails to
clusters whereas large (1000 μm across) polygonal grains occur adja-
cent to orthopyroxene. Elongate ulvöspinel (500 μm), with ﬁne exsolu-
tion lamellae of titano-ilmenite, occurs as the tails to attenuated clusters
intergrown with small omphacite and apatite (400 μm), and rarely in
cluster interiors as equant grains (Fig. 3c). Rare Type 1 garnet is present
intergrown with omphacite, or as small grains in the feldspar-rich ma-
trix (Fig. 3e). The grains are inclusion-free but may have rutile exsolu-
tion lamellae.
A polygonal mosaic of quartz, plagioclase, K-feldspar and kyanite
with minor elongate ﬂaser omphacite, apatite and ulvöspinel separates
the maﬁc clusters. In places, large porphyroclastic feldspar grains are
deformed and surrounded by a mantle of smaller grains, though most
regions are granoblastic. Large tabulate to acicular (200–500 μm) kya-
nite (7%) is intergrown with plagioclase, quartz and K-feldspar, occur-
ring in places as radiating splays or aligned in S1 (Fig. 3e). Kyanite is
partially pseudomorphed by coronae of plagioclase and/or ﬁne-
grained symplectites of plagioclase andmagnetite (Fig. 5e). Clinozoisite
is present along plagioclase grain boundaries as ﬁne-grained rods that
cut S1. Thin symplectites of sodic diopside and albitic plagioclase com-
monly separate omphacite from plagioclase, quartz and K-feldspar.
Fig. 2. a) Field relationships of granulite components at Breaksea Tops. The outcrop ofmonzodioritic omphacite–orthopyroxene granulite is inferred to be a large inclusionwithin the com-
monmonzodioritic omphacite–garnet granulite host (surrounding the sketched outcrop). The single layer of omphacitic clinopyroxenite is interpreted to be a primary cumulate layer. In
this outcrop, the large inclusion is inferred to have been injected by the protolith to the omphacite–garnet granulite forming reaction zones adjacent to the semi-continuousdykes. Labelled
garnet-bearing veins involve euhedral garnet in leucocratic a plagioclase-richmatrix (see Clarke et al., 2013). Letters in squares denote sample sites referred to in other ﬁgure captions and
text. b) Omphacite–orthopyroxene granulite component of the Breaksea Orthogneiss, comprising orthopyroxene in clusters surrounded by omphacite, in a feldspar-rich matrix, sample
1204A. c) Omphacite–orthopyroxene granulite (on the right) with a diffuse reaction zone, containing Type 2 garnet pseudomorphing ferromagnesian clusters in contact with an
omphacite–garnet granulite dyke, sample 1204B. d) Pure omphacite layers with coronae of Type 2 garnet in reaction zones, adjacent to omphacite–orthopyroxene granulite, sample
1204D.
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Fig. 3. a) Euhedral, weakly alignedomphacite intergrownwith plagioclase in the strain shadowof Type 1 garnet, omphacite–garnet granulite sample 1206. b)Granoblastic Type 1 garnet in
omphacite–garnet granulitewith rutile exsolution-rich grain cores and embayed rim,mimicking Type 2 garnet. Inset is a cross polarised viewof the rutile exsolution lamellae in the garnet
core. Omphacite–garnet granulite sample 1204C. c) Orthopyroxene, omphacite and ulvöspinel within grain clusters surrounded by plagioclase and kyanite in omphacite–orthopyroxene
granulite. Orthopyroxene is commonly armoured by omphacite. In tails a smaller omphacite is intergrown with ulvöspinel and apatite. Inset shows quartz inclusion (35 μm) in
orthopyroxene exhibiting crystal faces. Sample 1204B-3. d) Adjacent orthopyroxene grains in the interior of a grain cluster; note apparent dihedral angles at coincident triple junctions.
e) Rare Type 1 garnet intergrownwith omphacite in omphacite–orthopyroxene granulite. Matrix includes splays of kyanite. Sample 1204H. f) Type 2 garnet formed at the contact of pla-
gioclase and ferromagnesian clusters of omphacite and orthopyroxene in reaction zones. Omphacite clusters have high aspect ratios and ﬂaser structures. Sample 1204B-1. g) Garnet and
euhedral plagioclase inclusions (inset) within poikilitic orthopyroxene in clusters with a large garnet surrounded by ulvöspinel selvages and a matrix of omphacite. Fine plagioclase
coronae mantle garnet, orthopyroxene eclogite, sample 0611B. h) Orthopyroxene and ulvöspinel, surrounded by omphacite and garnet in orthopyroxene eclogite. Sample 0611B.
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Minor ﬁne-grained symplectites of hornblende, ilmenite, quartz and
plagioclase may also enclose omphacite, orthopyroxene and ulvöspinel.
Biotite can occur partially to completely pseudomorphing pyroxene in
clusters (Fig. 3e).
Reaction zone assemblages and textures are similar to omphacite–
orthopyroxene granulite although have lower modes of orthopyroxene
(that show a progressive decrease towards omphacite–garnet granulite
contacts), omphacite and kyanite, and contain abundant Type 2 garnet
partially to completely pseudomorphing omphacite and orthopyroxene
clusters (Fig. 3f). Type 2 garnet forms comparatively small (300–
500 μm) poikiloblastic grains with inclusions of quartz, apatite, rutile,
monazite and plagioclase, centred on pyroxene–plagioclase margins.
Rounded quartz inclusions can occur elongated subparallel to garnet
boundaries (Fig. 3f). Intergrown with garnet are quartz, rutile, K-
feldspar and accessory magnetite.
Orthopyroxene eclogite contains orthopyroxene (14%) and garnet
(23%) grains enveloped by a granoblastic S1 foliation comprising
omphacite (51%), ulvöspinel (8%), rutile (1%), apatite (2%) and rare pla-
gioclase (b1%). Anhedral ulvöspinel has thin exsolution lamellae of
titano-ilmenite. Garnet and orthopyroxene commonly form cm-scale
clusters mantled by ulvöspinel-rich selvages (Fig. 3g–h). Orthopyroxene
has inclusions of apatite, garnet and plagioclase (Fig. 3g) and may in-
clude lamellae of exsolved pigeonitic clinopyroxene. Garnet and
omphacite have inclusions of apatite and ulvöspinel that do not deﬁne
a foliation. Needles of exsolved rutile are common in garnet,
orthopyroxene and omphacite. In places a ﬁne ﬁlm of K-feldspar, with
orwithout hornblende, separates garnet, orthopyroxene and omphacite.
4. Electron backscatter diffraction (EBSD) analysis
To determine the nature of microstructure formation in relation to
deformation kinematics, focused EBSD analysis was undertaken on the
omphacite–orthopyroxene granulite. A detailed microstructural and
crystallographic orientation investigation was performed using scan-
ning electron microscopy (SEM) based EBSD on a Zeiss EVO MA15
SEMhoused at the Australian Research Council (ARC)National Key Cen-
tre for the Geochemical Evolution and Metallogeny of Continents
(GEMOC), Macquarie University, Sydney. Polished thick sections
(c. 100 μm: cut parallel to lineation and perpendicular to foliation)
were analysed at an accelerating voltage of 20–30 kV, a beam current
of 8 nA and aworking distance of ~10mm. The electron backscatter dif-
fraction patterns were automatically acquired and indexed using the
AZtec HKL Channel 5 acquisition software. The EBSD patterns were col-
lected in regular grids where the sampling step size was 8 μm. Post-
processing data ﬁltering was undertaken to remove erroneous non-
indexed points in the Channel 5 software.
Detailed EBSD analysis was concentrated on pyroxene grain clusters
analysed for mineral chemistry within the omphacite–orthopyroxene
granulite, to establish any systematic links between chemistry and
recrystallisation. Crystallographic orientations of pyroxene grains are
depicted in forescatter orientation contrast images displaying qualita-
tively changes in orientation in grey scale (Prior et al., 1996). In addition,
misorientation maps, exhibiting the change in crystallographic orienta-
tion relative to a reference point (marked with blue cross) are utilised
(Fig. 4a). 3D representation of crystal orientation is also provided
Fig. 4. Orientation contrast image of pyroxene grain cluster (sample 0905C) with crystallographic misorientation deﬁned from a speciﬁed reference point (blue cross) for orthopyroxene
(pink, inclusions labelled), large omphacite (red) and small recrystallised omphacite (green); low angle (2–10°) subgrain boundaries (sgb) are shown in yellow (a). Adjacent
orthopyroxene crystals (b, c, d) have corresponding orthorhombic 3D crystallographic orientation diagrams, showing coincident facets to grain boundaries.Misorientation proﬁle showing
gradual lattice distortion (e) and subgrain boundary proﬁle (f) in large orthopyroxene (pink). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to
the web version of this article.)
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(Fig. 4b–d). Additional grain cluster orientation data is displayed in
the supplementary material (Fig. S1). In the following analysis
grains are deﬁned as areas fully surrounded by grain boundaries
with misorientations of greater than 10°; boundaries with misori-
entations between 2° and 10° are referred to as subgrain boundaries
(sgb).
EBSD analysis shows that there are clusters of large to medium
grained orthopyroxene grains directly associated with omphacite
(Fig. 4a). Orthopyroxene is seen both with up to 30 μm omphacite
inclusions or intergrown with coarse omphacite (400–600 μm). In
addition, small grains of omphacite (150–400 μm)are seen surrounding
these orthopyroxene–omphacite clusters. Grain boundaries between
omphacite grains typically show equilibrium textures with near
120° triple junctions, whereas for orthopyroxene the apparent
dihedral angles can be less than 120° (Fig. 3d). Within clusters,
boundary traces of orthopyroxene are consistent with a low index
plane, i.e. crystal facets (Fig. 4b–d). The crystal lattice of individual
orthopyroxene grains is bent, showing both a gentle change in mis-
orientation and distinct subgrain boundaries (Fig. 4e–f). Omphacite
porphyroclasts adjacent to orthopyroxene show signiﬁcant lattice
distortion (5–20°) and subgrain boundary development, whereas
smaller grains in tails are relatively free of substructure (3–4° of
misorientation: Fig. 4a).
5. Whole-rock geochemistry
In addition to major element geochemistry previously analysed
(Fig. 1b and Table 1) by De Paoli et al. (2009) and Clarke et al. (2013),
REE contents were determined for omphacite–orthopyroxene granulite
and omphacite–garnet granulite utilising whole-rock solutions
analysed on an Agilent 7700cs Inductively Coupled Plasma Mass
Spectrometer (ICPMS) at GEMOC, Macquarie University, Sydney
(Table 1). Values were normalised to chondrite after Taylor and
McLennan (1985). Omphacite–garnet and omphacite–orthopyroxene
granulite, have nearly identical REE concentrations deﬁned by
slightly HREE depleted and Eu neutral to weakly positive signatures
(Table 1).
6. Mineral chemistry
6.1. Analytical methods
The major element composition of rock-forming minerals was de-
termined using polished thin sections and a CAMEBAX SX100 electron
microprobe (EMP) housed at GEMOC, Macquarie University, Sydney.
Operating conditions for the EMP involved 15 kV accelerating voltage
and a beam current of 20 nA. Precision was typically less than 0.2 wt.%
for the major elements based on 1σ distribution, consistent with
GEMOC laboratory compilations (e.g. Norman et al., 1998). The trace el-
ement (including REE) composition of rock-forming minerals was de-
termined through the in-situ analysis of grains in polished thick
(c. 100 μm) sections using an Agilent 7700cs quadrupole ICPMS, at-
tached to a New Wave 213 nm Nd:YAG laser ablation microprobe
(LAM) housed at GEMOC, Macquarie University, Sydney. LA–ICPMS op-
erating conditions and data acquisition parameters involved a c. 60 s
background period count prior to laser ablation, and a c. 100–120 s anal-
ysis using a 55 μm beam diameter and 5 Hz pulse repetition rate. The
laser beam power of 85–90% created ﬂat bottom pits of c. 40 μm
depth. The chondrite normalisation of reduced trace element data was
made using values of Taylor and McLennan (1985) within the GLITTER
software (http://www.glitter-gemoc.com). The analysis of NIST 610
glass during each session provided an external standard. Standard refer-
ence material BCR2, was analysed as an internal standard. Individual
analyseswere required to fall within error of long-term laboratory com-
pilations (Norman et al., 1998). Precision was 1–8% relative standard
deviation, based on 1σ distribution on all of the REE. Representative
mineral chemistry datasets are presented in Table 2.
6.2. Major elements
The major element mineral chemistry for samples of the Breaksea
Orthogneiss from Breaksea Sound and Breaksea Tops have been de-
scribed by De Paoli et al. (2009) and Clarke et al. (2013). Mineral chem-
istry is extended here to include omphacite–orthopyroxene granulite
and orthopyroxene eclogite. Ferric iron and stoichiometric corrections
were made following Droop (1987). Pyroxene stoichiometry, site occu-
pancies and end-member calculations were made after Morimoto
(1989). Clinopyroxene end-member proportions are as follows: jadeite,
Jd=(2Na / (2Na+Ca+Mg+Fe2+)) · (AlM1 / (AlM1+FeM13+)), aegirine,
Ae= (2Na / (2Na+Ca+Mg+Fe2+)) · (FeM13+ / (AlM1+ FeM13+)) and di-
opside, Di/Quad = (Ca + Mg + Fe2+) / (2Na + Ca + Mg + Fe2+).
Orthopyroxene end-member proportions include: wollastonite,
Wo = Ca / (Fetot + Mn + Mg + Ca), enstatite, En = Mg /
(Fetot + Mn + Mg + Ca) and ferrosilite, Fs = (Fetot + Mn) /
(Fetot + Mn + Mg + Ca).
Orthopyroxene is enstatite-rich hypersthenewith end-member pro-
portions of En67–72Fs25–30. The hypersthene grains have high alumina
contents of up to 0.3 cations per formula unit (p.f.u.: on the basis of 6 ox-
ygen) and appreciable Mg-Tschermak's component (MgTs: Fig. S2).
Grains lack distinctive end-member zoning, though core to rim varia-
tion in Al of 0.3–0.1 p.f.u. is observed unrelated to subgrain boundaries.
Most orthopyroxene in eclogite has compositions almost identical to
hypersthene in granulite, lying in the range Di0–1En69–73Fs27–30, with
similar but less pronounced zoning in MgTs component (Fig. S2).
Clinopyroxene in omphacite–orthopyroxene granulite is omphacite
(after Morimoto, 1989: Fig. 5). Jadeite content of Jd20–28 is comparable
to clinopyroxene in omphacite–garnet granulite (Jd18–30) and eclogite
(Jd20–30), although aegirine content is slightly higher (Ae9–13 cf. Ae7–9
in omphacite–garnet granulite) highlighting higher ferric iron content
(Fig. 6a). Grains in asymmetrical tails typically have higher jadeite pro-
portions (Jd20–26) than large grains in cluster centres (Jd18–23), and are
Table 1
Whole-rock major element XRF (after Clarke et al., 2013; De Paoli et al., 2009) and REE
(ppm) ICPMS solution analysis of components of the Breaksea Orthogneiss.
Sample
lithology
1008B 1009B 0904C 0611C
Omp–Grt
granulite
Omp–Opx
granulite
Eclogite Opx
eclogite
SiO2 54.05 53.56 42.18 47.52
TiO2 1.06 1.01 1.88 2.09
Al2O3 18.34 18.23 16.97 10.51
Fe2O3 8.02 8.20 15.42 16.65
MnO 0.11 0.12 0.31 0.22
MgO 4.51 4.51 8.44 11.49
CaO 7.65 7.58 12.39 9.07
Na2O 4.57 4.74 1.89 1.51
K2O 1.30 1.31 0.02 0.28
P2O5 0.38 0.39 0.42 0.61
LOI 0.00 0.09 −0.25 0.29
Total 99.98 99.74 99.67 100.25
La 18.01 18.73 5.33 –
Ce 34.52 35.77 15.92 –
Pr 4.37 4.51 2.62 –
Nd 20.96 21.61 14.31 –
Sm 4.33 3.89 4.87 –
Eu 1.545 1.612 1.90 –
Gd 3.19 3.33 6.34 –
Dy 2.82 2.78 6.60 –
Ho 0.476 0.51 1.47 –
Er 1.36 1.266 4.24 –
Yb 1.162 1.377 4.06 –
Lu 0.167 0.189 0.63 –
LOI, loss on ignition.
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Table 2
Representative mineral wt.% oxide, cations for a stated number of oxygen and REE (ppm) concentrations from electron microprobe and LA–ICPMS analysis.
Omphacite–orthopyroxene granulite
0905C
Opx (core) Opx (rim) Omp (core) Omp (rim) Grt (Type 1) Pl Usp Ilm
SiO2 48.81 51.29 49.00 51.67 38.87 58.54 0.04 0.02
TiO2 0.05 0.03 0.74 0.54 0.05 0.00 33.16 41.90
Al2O3 7.55 4.57 11.44 10.75 22 24.20 0.01 0.00
Cr2O3 0.02 0.00 0.01 0.01 0 0.00 0.05 0.05
FeO 18.73 19.01 9.01 7.97 23.43 0.40 62.83 54.45
MnO 0.77 0.89 0.22 0.33 1.17 0.00 0.20 0.25
MgO 23.86 24.40 8.27 10.37 10.29 0.05 0.51 0.66
CaO 0.13 0.22 16.76 14.61 5.23 7.36 0.01 0.00
Na2O 0.14 0.03 4.11 4.39 0.07 7.01 0.01 0.01
K2O 0.01 0.00 0.01 0.01 0 0.30 0.00 0.00
Total no. 100.07 100.43 99.56 100.64 101.11 97.86 96.83 97.34
O 6.00 6.00 6.00 6.00 12.00 8.00 3.00 4.00
Si 1.79 1.88 1.82 1.87 2.95 2.68 0.00 0.00
Ti 0.00 0.00 0.02 0.01 0.00 0.00 0.95 0.80
Al 0.33 0.20 0.50 0.46 1.97 1.30 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.58 0.58 0.28 0.24 1.49 0.02 2.01 0.40
Mn 0.02 0.03 0.01 0.01 0.08 0.00 0.01 1.77
Mg 1.31 1.33 0.46 0.56 1.16 0.00 0.03 0.00
Ca 0.00 0.01 0.67 0.57 0.42 0.36 0.00 0.03
Na 0.01 0.00 0.30 0.31 0.01 0.62 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00
Total 4.05 4.02 4.05 4.04 8.07 5.00 3.00 3.00
La 0.61 0.26 4.40 3.79 0.34 – 0.03 –
Ce 1.50 1.41 21.33 19.45 0.33 – 0.07 –
Pr 0.13 0.31 4.56 4.15 0.19 – 0.01 –
Nd 0.55 1.63 25.68 22.33 2.01 – 0.04 –
Sm 0.07 0.54 7.31 6.88 2.95 – bLLD –
Eu 0.04 0.20 2.41 2.30 1.81 – bLLD –
Gd 0.11 0.67 6.80 6.21 5.22 – 0.01 –
Dy 0.14 0.61 6.07 6.11 5.72 – bLLD –
Ho 0.04 0.13 1.18 1.18 1.26 – bLLD –
Er 0.05 0.45 3.45 3.08 4.24 – 0.01 –
Yb 0.06 0.51 3.15 3.17 6.25 – 0.02 –
Lu 0.01 0.10 0.42 0.42 1.15 – bLLD –
Reaction zone
1009A
Opx (core) Opx (rim) Omp (core) Omp (rim) Grt 2 (core) Grt 2 (rim) Pl Rt
SiO2 50.83 52.93 48.80 49.32 38.82 38.55 61.37 0.19
TiO2 0.07 0.05 0.79 0.78 0.05 0.06 0.01 97.25
Al2O3 5.51 1.48 11.01 11.53 22.26 21.88 23.39 0.00
Cr2O3 0.00 0.02 0.02 0.05 0.01 0.00 0.00 0.03
FeO 17.53 19.20 8.80 9.13 22.74 23.50 0.37 0.64
MnO 0.14 0.17 0.15 0.03 0.53 0.59 0.01 0.02
MgO 24.87 25.57 8.13 7.74 8.85 8.28 0.02 0.00
CaO 0.66 0.23 17.16 16.92 7.84 7.52 5.71 0.27
Na2O 0.12 0.02 4.22 4.34 0.07 0.03 8.55 0.04
K2O 0.02 0.01 0.02 0.02 0.01 0.02 0.18 0.00
Total no. 99.76 99.69 99.09 99.85 101.19 100.44 99.61 98.44
O 6.00 6.00 6.00 6.00 12.00 12.00 8.00 2.00
Si 1.86 1.95 1.83 1.83 2.94 2.94 2.73 0.00
Ti 0.00 0.00 0.02 0.02 0.00 0.00 0.00 0.99
Al 0.24 0.06 0.49 0.50 1.97 1.97 1.23 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.54 0.59 0.28 0.28 1.43 1.50 0.01 0.02
Mn 0.00 0.01 0.00 0.00 0.03 0.04 0.00 −0.01
Mg 1.35 1.40 0.45 0.43 0.98 0.94 0.00 0.00
Ca 0.03 0.01 0.69 0.67 0.66 0.61 0.27 0.00
Na 0.01 0.00 0.31 0.31 0.00 0.00 0.74 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Total 4.03 4.02 4.06 4.05 8.00 8.00 5.00 1.00
La 0.74 0.49 8.06 3.35 0.62 0.19 – 0.08
Ce 1.89 0.96 24.35 16.34 1.87 0.62 – 0.48
Pr 0.21 0.13 4.36 3.61 0.36 0.17 – 0.04
Nd 0.93 0.36 23.49 21.34 2.64 2.47 – 0.72
Sm 0.22 0.05 6.86 6.20 4.25 4.56 – 0.12
Eu 0.04 0.02 2.44 1.72 2.32 2.68 – 0.06
Gd 0.14 0.05 6.41 3.86 9.05 9.36 – 0.07
Dy 0.08 0.16 6.17 2.14 8.34 8.23 – bLLD
Ho 0.01 0.03 1.20 0.35 1.36 1.28 – bLLD
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similar to contents in reaction zones (Jd23–25). There is also a continuous
rimward zoning to Na-diopside-rich rims (Jd20–25Ae5–12Q68–75) from
jadeite-enriched cores (Jd25–28Ae9–13Q63–66). Clinopyroxene in the
orthopyroxene eclogite components is omphacite with grain cores of
Jd17–22Ae2–7Q71–76 and grain rims of Jd15–18Ae7–10Q73–75. The dominant
exchange trends evident in clinopyroxene can be observed on a J= 2Na
versus Q = (Ca + Mg + Fe2+) diagram (after Morimoto, 1989), with
chemical variation deﬁning a linear trend between jadeite and diop-
side/hedenbergite, more or less at ﬁxed to slightly decreasing Ca-
Tschermak's component (CaTs: Fig. 5). Omphacite in orthopyroxene
eclogite has lower CaTs- and Jd-component compared to granulite com-
ponents, but similar within-sample core to rim variability.
Garnet end-member proportions were determined using the fol-
lowing calculations: pyrope, Prp = Mg / (Fe2+ + Mn + Mg + Ca),
almandine, Alm = Fe2+ / (Fe2+ + Mn + Mg + Ca), grossular,
Grs = (Ca / (Fe2+ + Mn + Mg + Ca)) − (And + Uv), spessartine,
Sps = Mn / (Fe2+ + Mn + Mg + Ca), andradite, And = Fe3+ /
(Fe3+ + AlV1 + Cr + Ti) and uvarorite, Uv = Cr / (Fe3+ + AlV1 +
Cr + Ti), with AlV1 = Al − (3-Si). Rare garnet in omphacite–
orthopyroxene granulite has contents of Alm41–45Prp31–39Grs6–
12Sps1–2And8–10 that are largely comparable to Type 1 garnet in
omphacite–garnet granulite, except for higher andradite contents
(cf. Alm41–43Prp39–41Grs8–10Sps1And6–8: Fig. 6b). Rims are marginal-
ly more enriched in grossular (Grs10–15) with lower pyrope contents
(Prp34). In reaction zones, garnet cores of Alm42–44Prp28–30Grs17–
19Sps0–1And7–8Uv0–0.1 are enclosed by rims of Alm42–47Prp30–
34Grs16–17Sps0–1And8–10Uv0–0.1 (cf. Type 2 garnet from omphacite–
garnet granulite: Alm40–45Prp32–37Grs14–20Sps1And3–6). Garnet in
orthopyroxene eclogite has lower Grs contents and slightly higher
Prp contents compared to both Type 1 & 2 garnets in granulite
(Alm45–52Prp39–42Grs2–10Sps1–2And5–8Uv0–0.1).
Feldspar end-member proportionswere calculated as follows: Anor-
thite, An = Ca / (Ca + Na + K), Albite, Ab = Na / (Ca + Na + K) and
Orthoclase, Or = K / (Ca + Na + K). Feldspar in omphacite–
orthopyroxene granulite occurs as plagioclase and K-feldspar. Plagio-
clase is oligoclase to andesine in composition (An18–35Ab65–82Or0–10),
with symplectite plagioclase richer in anorthite (An35–50). The matrix
plagioclase compositions are comparable to that in the omphacite–gar-
net granulite (An11–36Ab63–87Or1–2: De Paoli et al., 2009). K-feldspar is
microcline with compositions of An0–5Ab0–15Or82–90.
Accessory oxide phases were also characterised using stoichiometry
and cation distribution. Oxide in the omphacite–orthopyroxene granu-
lite and orthopyroxene eclogite is mostly ulvöspinel. Exsolution lamel-
lae in hosts of ulvöspinel have higher TiO2 content and reﬂect a
Table 2 (continued)
Reaction zone
1009A
Opx (core) Opx (rim) Omp (core) Omp (rim) Grt 2 (core) Grt 2 (rim) Pl Rt
Er bLLD 0.09 3.06 0.80 3.20 2.89 – 0.09
Yb 0.02 0.06 2.68 0.48 2.72 1.80 – 0.11
Lu bLLD 0.01 0.36 0.08 0.30 0.22 – bLLD
Orthopyroxene eclogite
0611B
Opx (core) Opx (rim) Omp (core) Omp (rim) Grt (core) Grt (rim) Usp
SiO2 55.43 54.10 53.44 53.56 38.79 39.18 0.05
TiO2 0.05 0.01 0.26 0.18 0.10 0.12 38.70
Al2O3 2.58 1.42 5.80 5.48 21.70 21.72 0.08
Cr2O3 0.01 0.00 0.00 0.07 0.02 0.00 0.04
FeO 16.66 19.02 8.08 8.18 23.37 23.71 54.32
MnO 0.17 0.19 0.09 0.07 0.71 0.85 0.09
MgO 25.76 25.90 10.80 10.93 10.59 10.61 2.03
CaO 0.86 0.20 17.19 17.36 4.55 4.43 0.14
Na2O 0.16 0.02 3.81 3.83 0.02 0.01 0.01
K2O 0.13 0.00 0.01 0.01 0.01 0.00 0.00
Total no. 101.81 100.87 99.48 99.69 99.86 100.62 95.45
O 6.00 6.00 6.00 6.00 12.00 12.00 3.00
Si 1.97 1.96 1.97 1.98 2.97 2.97 0.00
Ti 0.00 0.00 0.01 0.01 0.01 0.01 0.81
Al 0.11 0.06 0.25 0.24 1.96 1.94 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.49 0.58 0.25 0.25 1.49 1.51 1.27
Mn 0.01 0.01 0.00 0.00 0.05 0.05 0.00
Mg 1.36 1.40 0.59 0.60 1.21 1.20 0.08
Ca 0.03 0.01 0.68 0.69 0.37 0.36 0.00
Na 0.01 0.00 0.27 0.27 0.00 0.00 0.00
K 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Total 3.99 4.01 4.03 4.04 8.05 8.05 2.18
La 0.32 0.28 7.65 3.69 0.14 bLLD 0.26
Ce 1.32 1.14 20.29 18.87 0.41 0.05 0.83
Pr 0.29 0.24 3.62 4.24 0.06 0.04 0.14
Nd 1.60 1.31 20.69 24.91 0.35 1.05 0.66
Sm 0.51 0.35 6.33 7.46 0.08 2.23 0.17
Eu 0.11 0.07 1.26 1.54 0.02 0.86 0.03
Gd 0.42 0.35 4.80 5.49 0.10 6.34 0.16
Dy 0.17 0.17 2.10 2.45 0.06 12.44 0.09
Ho 0.03 0.02 0.21 0.29 0.02 2.90 0.01
Er 0.03 0.05 0.24 0.39 0.02 8.60 0.03
Yb 0.03 bLLD 0.07 0.16 0.04 8.76 bLLD
Lu 0.01 0.01 0.00 0.02 0.00 1.26 bLLD
9T. Chapman et al. / Lithos 216–217 (2015) 1–16
129
The University of Sydney, PhD Thesis, Adrianna Rajkumar, 2015.
separate titano-ilmenite phase. In both granulite and eclogite the
ulvöspinel host has Fe3+ of 1.1–1.2 p.f.u. (on the basis of 4 oxygen)
and Fe2+ of 1.37–1.52 p.f.u. compared to the titano-ilmenite exsolution
lamellae with Fe3+ ≈ 0.3–0.4 p.f.u. (on the basis of 3 oxygen) and
Fe2+ ≈ 0.75 p.f.u. Symplectite ilmenite intergrown with plagioclase
on orthopyroxene has Fe3+≈ 0.82 p.f.u.
6.3. Trace elements
Trace element mineral compositions have been described for
Breaksea Orthogneiss samples from Breaksea Tops by Clarke et al.
(2013), and additional mineral chemistry is provided here to include
omphacite–orthopyroxene granulite and orthopyroxene eclogite.
Chondrite-normalised REE data for clinopyroxene in omphacite–
orthopyroxene granulite deﬁne a concave-down bell-shaped pattern
between La and Dy with an inﬂection at Nd. Omphacite in these
rocks differs from other components of the Breaksea Orthogneiss
in having higher total REE content (10–25 times compared to 3–15
times chondrite: Fig. 7a–b). In addition, light-REE (LREE) content
is slightly more enriched and the bell-shaped peak centred on the
middle-REE (MREE) is more pronounced. The largest within-sample
variation occurs with a prominent enrichment of the heavy-REE
(HREE) content (5–15 times compared to 3 times chondrite). Core to
rim zoning in REE content of clinopyroxene in reaction zones involves
decreasing REE content (Fig. 7c–d). Rims are depleted in HREE
compared to grain cores, with values similar to those of omphacite in
omphacite–garnet granulite. Clinopyroxene in orthopyroxene eclogite
has REE patterns similar to those in omphacite–orthopyroxene
granulite, although is depleted in MREE–HREE and contains a pro-
nounced negative Eu anomaly, overall with a lower total REE content
(Fig. 7e–f).
Orthopyroxene REE content varies with mineral association, but
overall shows depleted concave-up patterns in granulite components.
In omphacite–orthopyroxene granulite the pattern involves subtle
HREE enriched contents with a peak at values of 1–1.5 times chondrite,
and ﬂat-lying MREE trend with declining LREE (Fig. 8a). REE content in
subgrainsmaintain similar patterns and concentrations, lyingwithin the
analysed within-sample range of both cores and rims (Fig. 8a &
Table S1). Reaction zone orthopyroxene shows a comparative depletion
in the HREE, with minor enrichment in LREE (1–4.5 times chondrite:
Fig. 8b). Rims have slightly more HREE content than cores (4–10 times
chondrite). Orthopyroxene in eclogite show similar depleted trends to
orthopyroxene in granulite, being most pronounced with LREE deple-
tion (Fig. 8c).
Rare igneous Type 1 garnet in omphacite–orthopyroxene granulite
exhibits an exponential increase in REE content from LREE to MREE,
with a general trend of increasing HREE content above an inﬂection
point at Eu (Fig. 9a–b). The trend involves a subtle ﬂat, to positive
Eu anomaly. Rims are characterised by lower HREE contents and Eu
positive trends, mimicking patterns of Type 2 garnet (Fig. 9a & b).
The HREE-enriched core pattern overlaps with igneous Type 1 garnet
in omphacite–garnet granulite and eclogite (Clarke et al., 2013),
though is typically slightly more HREE-enriched. REE patterns for
garnet in reaction zones deﬁne a concave-down chevron shape
characteristic of metamorphic Type 2 garnet (Clarke et al., 2013).
The pattern is strongly depleted in the LREE, with a steep peak in
the MREE from Nd to Eu, the Eu anomaly providing a trend inﬂection
point (Fig. 9c–d). The HREE content is slightly enriched with values
of 3–15 times chondrite, but HREE content decreases with increasing
atomic mass. Garnet in orthopyroxene eclogite deﬁnes a gently
curved concave-down pattern, with an inﬂection point in the upper
MREE, depletion in Eu and pronounced HREE enrichment, that is
slightly greater than garnet from eclogite (Fig. 9e–f: Clarke et al.,
2013).
Ulvöspinel, ilmenite and rutile have a uniformly depleted REE con-
tent, with values close to, or below, the lower limits of detection (LLD:
Table S1). In contrast, apatite maintains LREE-enriched and HREE-
depleted patterns throughout components of the orthogneiss (see
Clarke et al., 2013).
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7. Discussion
The formation of orthopyroxene, omphacite, plagioclase, ulvöspinel
and garnet within omphacite–orthopyroxene granulite and
orthopyroxene-eclogite begs an explanation in the wider context of
petrogenetic histories interpreted for the Breaksea Orthogneiss (e.g.
Clarke et al., 2013; De Paoli et al., 2009, 2012).Mineral equilibriamodel-
ling by De Paoli et al. (2012) posits an 0.8 GPa pressure difference
between the upper limit of orthopyroxene stability in the granulite fa-
cies (for a monzodioritic protolith) and peak conditions inferred for
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the Breaksea Orthogneiss (P≈ 1.8 GPa and T≈ 850 °C; omphacite gran-
ulite and eclogite facies). A subtle reduction in the P difference to 0.6–
0.7 GPa is predicted bymodelling atmore oxidising conditions, a conse-
quence of reaction suppression by the ferric-rich orthopyroxene (De
Paoli et al., 2012). The high alumina contents and presence of pigeonitic
exsolution in orthopyroxene are consistent with high-T (N1000 °C:
Bohlen and Essene, 1978; Harley, 1984; Sandiford and Powell, 1986)
and high-P conditions (c. 1.5–1.8 GPa: De Paoli et al., 2009). The absence
of any solid-state reaction relationship between orthopyroxene and
omphacite in the BreakseaOrthogneiss argues against a dynamic PThis-
tory to explain the observed assemblage, via, for example, the metasta-
ble persistence of orthopyroxene to high-P conditions following terrane
burial.
Commonmineral assemblages (includingdistinct Fe–Ti oxides), gra-
dation in garnet–clinopyroxene–orthopyroxene–plagioclase modes be-
tween samples, and similarities in major and trace element
compositions of key phases argues for a cogenetic igneous relationship
between protoliths of orthopyroxene eclogite and omphacite–
orthopyroxene granulite, similar to the cumulate relationships inferred
for omphacite–garnet granulite, eclogite, garnetite and clinopyroxenite
protoliths (Clarke et al., 2013). The 0.6–0.8 GPa pressure difference sep-
arating orthopyroxene- and omphacite-bearing granulite (De Paoli
et al., 2012) makes a cogenetic metamorphic origin implausible. The ig-
neous interpretation circumvents the paradox of metamorphic pyrox-
ene stability but is reliant on the metastable persistence of igneous
minerals in metamorphic rocks. The establishment of the extent of
recrystallisation and metamorphism is required, particularly in the
high variance assemblages of orthopyroxene-bearing granulite, to test
the veracity of an igneous origin for the mineral assemblages.
7.1. Distinguishing igneous and metamorphic assemblages
and microstructures
Omphacite–orthopyroxene granulite occurs as pods and discontinu-
ous, centimetre- to decametre-layers in an omphacite–garnet granulite
host, separated by diffuse garnet-bearing reaction zones. Whole-rock
compositions of omphacite–orthopyroxene granulite and omphacite–
garnet granulite are nearly identical (Fig. 1b and Table 1), yet the
rocks have distinct mineral assemblages. Less silicic inclusions in the
omphacite–garnet granulite include eclogite, and composite garnetite–
clinopyroxenite bodies that include metre-scale layers formed almost
entirely (N90%) of garnet or diopside (Clarke et al., 2013; De Paoli
et al., 2009). The irregular distribution, range in silica content and
scale of the inclusionsmake it highly unlikely that they could be formed
through the metasomatic alteration of a once uniform omphacite–gar-
net granulite body (Clarke et al., 2013). Gross features of the Breaksea
Orthogneiss can be interpreted in terms of cumulate processes, with ig-
neous mineral chemistry persisting in much of the eclogite, garnetite
and clinopyroxenite bodies (see Section 2.2 and Clarke et al., 2013).
Textures of omphacite–garnet granulite and omphacite–
orthopyroxene granulite are nearly identical, though pluton-scale
heterogeneity exists. Omphacite–garnet granulite includes decimetre-
scale low-strain domains (enveloped by an S1 gneissic foliation)
characterised by randomly oriented or weakly aligned, euhedral garnet
(Type 1), omphacite and plagioclase. These partially interlocking tex-
tures are arguably of igneous origin involving minimal grain shape
changes (see also Vernon et al., 2012; Clarke et al., 2013) and provide
a ‘baseline’ fabric to compare to microstructures as discussed in
detail below. Igneous microstructures and chemistry have survived
recrystallisation in such low-strain domains (e.g. Racek et al., 2008;
Štípská and Powell, 2005; Vernon et al., 2012) or in minerals that are
difﬁcult to recrystallise, as highlighted by the preservation of igneous
Type 1 garnet compositions in the omphacite–garnet granulite (Clarke
et al., 2013). The rare Type 1 garnet in omphacite–orthopyroxene gran-
ulite is also considered igneous, based on similarities in REE content
with garnet identiﬁed as igneous in eclogite and garnetite (Fig. 9a–b;
Clarke et al., 2013). The igneous texture and growth stage in both
instances is partially overprinted by a minor metamorphic re-
equilibration rim (~30 μm; Fig. 3b) involving HREE and grossular zon-
ing that mimics Type 2 garnet (lower HREE and higher Grs).
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Outside these patchy low-strain domains of the Breaksea
Orthogneiss, metamorphic textures involving Type 2 garnet and quartz
intergrowths in reaction zones are well developed. The positive Eu
anomaly, higher grossular content and distinct HREE-depleted pattern
of Type 2 garnet are consistent with it being metamorphic, neoblasts
having formed by a reaction between omphacite and plagioclase.
Omphacite in these domains shows progressiveHREE depletion in addi-
tion to subtly higher-jadeite and lower Ca-Tschermak's content grading
towards garnet compared to homogenous clinopyroxene concentra-
tions in omphacite–orthopyroxene granulite (Figs. 5 & 7c–d). This con-
trast suggests that omphacite has re-equilibrated with neocrystallised
garnet and plagioclase, though element diffusion was limited to grains
and/or margins adjacent to garnet. The depleted HREE content in Type
2 garnet is considered therefore a consequence of small diffusion dis-
tances and relative proximity to reactant elemental sinks (away from
HREE-enriched Type 1 garnet, pyroxene and LREE-enriched apatite).
The limited spatial extent of metamorphic reaction in these intergrown
microstructures coupledwith the patchy preservation of igneous garnet
implies that a combination of igneous and metamorphic features are
still present in the intermediately strained omphacite–orthopyroxene
granulite.
Grain clusters in omphacite–orthopyroxene granulite comprise inte-
riors of large equant (sometimes prismatic) orthopyroxene, omphacite
and rare igneous Type 1 garnet, enveloped by smaller omphacite grains
intergrown with elongated apatite and ulvöspinel (Figs. 3c & 4a).
Orthopyroxene in cluster interiors can maintain apparent dihedral an-
gles of less than 120° at some triple junctions (Fig. 3d) consistent with
grain impingement during growth from a liquid (Vernon, 1970;
Holness et al., 2012). Elsewhere grain shape changes to subsequently re-
duce interfacial energy, result in 120° orthopyroxene triple junctions
(Fig. 4a: e.g. Holness et al., 2012). Yet, crystal facets of adjacent grains
are preserved in a parallel orientation without signiﬁcant rounding
(Figs. 4b–d), and inclusions of quartz and plagioclasemaintain euhedral
faces in such grains (Fig. 3c & g). These features are consistent with the
unimpededmagmatic growth of orthopyroxene, with variable but gen-
erally minimal textural equilibration during metamorphism (Holness
et al., 2005; Vernon, 2014).
Establishing mineral growth stages relative to S1 kinematics pro-
vides an additional test for inferences of mineral origins. At the grain-
scale orthopyroxene is highly deformedwith signiﬁcant crystallograph-
ic misorientation (up to 12°) within one grain, mostly localised in low
angle subgrain boundaries located close to the margin of grains. These
features can be attributed to crystal-plastic deformationwhere some re-
covery aided the formation of distinct subgrain boundaries (Fig. 4).
However, there are no new (smaller) grains observed surrounding
porphyroclasts that would be consistent with recrystallisation during
deformation, formed by either subgrain rotation or spontaneous nucle-
ation (e.g. Svahnberg and Piazolo, 2010). The absence of chemical zon-
ing of hypersthene, including MgTs content, across subgrains (Fig. 9a),
is consistent with minimal intracrystalline diffusion having proceeded
during, or related to S1 crystal plastic deformation or substructure de-
velopment (cf. Lund et al., 2006). As the high-alumina concentrations
in orthopyroxene are incompatible with the P–T estimates of S1
(1.8 GPa and 800–850 °C: De Paoli et al., 2009), this implies that most
of the orthopyroxene chemistry originated from pre-S1 conditions. To-
gether with the preservation of plutonic textural relationships and dis-
equilibrium metamorphic phase assemblages for the inferred peak
conditions it is interpreted that orthopyroxene is a relict igneous
phase, that lacked any high-T metamorphic overprint prior to S1.
Minor major element diffusion is likely to have occurred along grain
rims during post-S1 cooling and/or decompression, contemporary
with the development of diopside–plagioclase and hornblende–plagio-
clase symplectite (Fig. S2; De Paoli et al., 2009).
In contrast to orthopyroxene, omphacite has not only deformed
plastically during deformation resulting in intracrystal lattice bending,
but also is recrystallised, producing new grains with limited
substructure in cluster tails. These small grains surround large plastical-
ly deformed and elongated omphacite porphyroclasts (Figs. 3a–f & 4a).
Subgrain rotation recrystallisation is considered responsible primarily
for the development of new grains, on the basis of undulose extinction
in omphacite and the similarity in subgrain sizes betweenporphyroclast
and recrystallised grains (Svahnberg and Piazolo, 2010; Urai et al.,
1986). However, grain boundaries may have readjusted by minor
grain boundary migration. Recrystallisation went hand-in-hand with
changes in the major element mineral composition, but not the
REE content, of old and new omphacite grains (Figs. 5 & 7a–b).
Porphyroclasts exhibit subtly lower jadeite contents (Jd18–23) compared
to grains in cluster tails (Jd20–26). These microstructural relationships
are consistent with the stability of porphyroclastic omphacite prior
to solid-state recrystallisation, either from the igneous protolith or
an enigmatic pre-S1 metamorphism. In contrast, small jadeite-rich
omphacite in ﬂaser tails intergrown with elongated ulvöspinel and ap-
atite form part of a substructure-free recrystallised, recovered (textural-
ly mature grain boundaries) and partially equilibrated S1 assemblage.
Textural and geochemical relationships in omphacite–orthopyroxene
granulite, outside of reaction zones, are therefore consistent with most
keyminerals preserving compositions from the igneous protolith, partic-
ularly REEs, despite high-T (800–850 °C) and intermediate- to high-
strain metamorphic conditions (Table 3). Similarly some accessory
phases, such as ulvöspinel and LREE-enriched apatite are interpreted to
have recrystallised with minor chemical change, as comparable grains
occur adjacent to, or as inclusions within, igneous relicts. Relationships
within reaction zones are consistent with the incomplete metamorphic
equilibration of metastable igneous assemblages within localised do-
mains (cf. Daczko and Halpin, 2009).
A progression from igneous textures, similar to those seen in unde-
formedor low-strain domains of the BreakseaOrthogneiss, tometamor-
phic textures observed in higher-strain domains is inferred to have
occurred during deformation, recrystallisation and metamorphism
at the grain-scale. Strain localisation into the relatively weaker
clinopyroxene and plagioclase domains (Wang et al., 2012; Zhang
et al., 2006) partially protected igneous orthopyroxene and some
omphacite in cluster interiors. Omphacite recrystallisation and re-
equilibration in the omphacite–orthopyroxene granulite reinforce an
intimate relationship betweenmetamorphic equilibration and strain in-
tensity that appears at both microscopic- and mesoscopic-scales
throughout the Breaksea Orthogneiss, with igneous proportions greater
in the lower-strain domains (e.g. cluster interiors, eclogite, garnetite and
clinopyroxenite pods). However, this variability in strain hinders a sim-
ple pluton-scale quantitative assessment of the aggregate of preserved
relictswithin individual rock components, but estimates of ferromagne-
sian phases in omphacite–orthopyroxene granulite suggest 10–20%. A
more wide-ranging quantiﬁcation, additionally involving feldspars,
however requires further investigation.
7.2. Magmatic protolith histories: fractionation and accumulation
Clinopyroxene in omphacite–orthopyroxene granulite has higher
total REE content and slightly lower jadeite contents compared to
clinopyroxene in omphacite–garnet granulite. In addition, rare igneous
garnet in omphacite–orthopyroxene granulite is generally more HREE
enriched than igneous Type 1 grains in the common omphacite–garnet
granulite body. Apatite modal proportions within both components
are low, implicating a relatively minor inﬂuence on the (L)REE budget
(Clarke et al., 2013). The higher total HREE content in omphacite and
garnet from omphacite–orthopyroxene granulite is consistent with
their protolith formation prior to the garnet monzodiorite during a peri-
od of limited garnet crystallisation, although the nearly identical whole-
rockREE contents reﬂect a cognate relationship between causalmagmas
(Table 1). Our preferred interpretation is that the orthopyroxene-
bearing granulite and eclogite protoliths reﬂect early-fractionated com-
ponents of the Breaksea Orthogneiss magma(s) (e.g. Kelley and Cottrell,
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2012), on the basis of elevated heavy-REE in garnet, and ferric iron in
orthopyroxene, omphacite, ulvöspinel and rare Type 1 garnet (Fig. 6).
Assuming that all the mineral phases are igneous in origin, then the
variation in oxide minerals between orthopyroxene and garnet
monzodiorite suggests a variation in fO2 between the two sequences
(Lattard et al., 2005; Luth and Canil, 1993). Although a signiﬁcant uncer-
tainty exists in ferric iron estimates based on charge balance, systematic
differences are maintained in the ferric iron end-member contents of
phases between the two sequences (core compositions) outside of the
analytical uncertainty (Fig. 6). Alone these estimates are indeﬁnite,
however together with distinct oxide phase stability they support qual-
itatively higher fO2 inferences (e.g. Canil and O'Neill, 1996).
All the rock components of the Breaksea Orthogneiss have similari-
ties in the major and trace element compositions of constituent min-
erals consistent with their origin from a single magma series (the
Western Fiordland Orthogneiss). The liquidus growth of garnet
(Clarke et al., 2013) and its high partitioning of the REE compared to
other mineral phases, means that the HREE content of garnet can be
used as a proxy for crystallisation timing. This study has identiﬁed
that some of the most HREE-enriched garnet grains occur as rare grains
co-existing with unusually HREE-enriched omphacite in omphacite–
orthopyroxene granulite, interpreted as the earliest crystallised compo-
nent of the Breaksea Orthogneiss. Together these two phases controlled
the majority of the HREE budget, in the absence of high proportions of
accessory phases such as zircon (e.g. Rubatto, 2002). This rock also has
the most oxidised assemblage and mineral chemistry. The ulvöspinel-
bearing crystallisation sequence is interpreted to have occurred prior
to rutile-bearing garnetite, clinopyroxenite, and eclogite together re-
cording parts of a progressive fractionation cycle, based on decreasing
garnet HREE content and clinopyroxene proportions (Clarke et al.,
2013). In addition, the negative Eu anomaly of hypersthene, garnet
and omphacite in orthopyroxene eclogite from Breaksea Sound is con-
sistentwith the parentmagma of that rock being distinct to that respon-
sible for the omphacite–orthopyroxene granulite, it having stabilised
with plagioclase, remnants occurring as inclusions, and higher propor-
tions of garnet. These relationships are consistent with the intrusion,
fractionation and recrystallisation of several magma pulses in a high-P
lower arc environment.
The absence of garnet and the presence of orthopyroxene in igneous
assemblages is primarily controlled by pressure, temperature and com-
position (Green, 1972, 1982). However, evidence for P–T differences in
rocks forming the Breaksea Tops would be contrived: orthopyroxene
monzodiorite occurs as inclusions within garnet monzodiorite, both of
which contain high-P igneous clinopyroxene. Higher fO2 and associated
Mg# (Mg/Mg + Fe2+) in a magma has been shown to enhance the sta-
bility of orthopyroxene and suppress garnet nucleation at high-P
(~2.0 GPa: Allen and Boettcher, 1978, 1983; Day et al., 1992). In associa-
tion with the preferential stabilisation of ilmenite up-pressure at higher
fO2 (Sission et al., 2005) it is likely that fO2 has impacted garnet
crystallisation in some early formed parts of the Breaksea Orthogneiss.
The presence of minor igneous Type 1 garnet in orthopyroxene
monzodiorite is consistent with suppressed nucleation. Instead
clinopyroxene is predicted as the main crystallisation phase near the
liquidus for a high fO2 monzodiorite, based on the observed high HREE
and elevated ferric iron content in the omphacite–orthopyroxene
granulite. Orthopyroxene is inferred to have stabilised with, or prior to
garnet, based on garnet and omphacite inclusions and low HREE content
in orthopyroxene-bearing eclogite and granulite. Quartz inclusions are
restricted to orthopyroxene in granulite, consistent with continuous
growth enclosing late crystallising quartz during the ﬁnal stages of melt
solidiﬁcation (e.g. Flood and Vernon, 1988). On this basis the early
crystallisation sequence is interpreted to be omphacite–orthopyroxene–
garnet–plagioclase–ulvöspinel/magnetite–apatite–quartz prior to the
garnet monzodiorite sequence (garnet–omphacite–plagioclase–rutile:
Clarke et al., 2013). Progressive crystallisation resulted in subtle decreases
in Fe andMgmineral content from the orthopyroxene-bearing cumulate
to the parent. On the premise of the observed outcrop, cumulus propor-
tions fromorthopyroxenemonzodiorite areminor (b5%) and signiﬁcant-
ly less than the volumetrically greater garnet monzodiorite (up to 30%:
Clarke et al., 2013).
8. Conclusions
The Breaksea Orthogneiss includes two chemically similar granulite
components: (1) garnet monzodiorite recrystallised to omphacite–gar-
net granulite, which has inclusions of (2) orthopyroxene monzodiorite
recrystallised to omphacite–orthopyroxene granulite. Preserved crystal
facets in orthopyroxene in omphacite–orthopyroxene granulite and
omphacite porphyroclasts surrounded by recrystallised grains are con-
sistent with a relic igneous assemblage partially overprinted by
tectonometamorphic assemblages andmicrostructures. Orthopyroxene
in this omphacite–orthopyroxene granulite has REE patterns and major
element content similar to orthopyroxene in orthopyroxene eclogite
reﬂecting common igneous precursors and variable accumulation of
phenocrysts from related magmas. Omphacite and rare igneous garnet
in omphacite–orthopyroxene granulite have higher total REE contents
compared with omphacite and garnet in omphacite–garnet granulite
and eclogite. These relationships are consistent with the high-P (1.8–
2.0 GPa) igneous crystallisation of omphacite and orthopyroxene with
limited igneous garnet. Early, more oxidised magma is interpreted to
have initially crystallised orthopyroxene and ulvöspinel, suppressing
garnet crystallisation at high-P. The fractionation of oxygen into early
crystallising phases (ulvöspinel, magnetite, orthopyroxene and ferric
iron-rich omphacite) drove the magma to less oxidising conditions,
resulting in the more voluminous igneous assemblage of garnet,
omphacite and rutile.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2014.11.019.
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Figure S1. Pyroxene grain cluster orientation contrast image with crystallographic misorientation defined 
from a specific reference point (blue cross) for omphacite (red) and orthopyroxene (pink) with overlayed 
subgrain boundaries (sgb = 2-10°) in yellow. Spatially numbered laser analysis correlate to mineral REE 
concentrations presented in Table S1.
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Figure S2. X-ray maps of element proportions in omphacite-orthopyroxene granulite (sample 0905c) and 
orthopyroxene eclogite (sample 0611B). Orthopyroxene exhibits pronounced core to rim Al zoning in both components, 
though limited Mg variability. Omphacite shows CaTs increases towards rims related to partial equilibration during    S1 
metamorphism and decompression. Plagioclase albite-proportions increases near kyanite and/or omphacite.  
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Omphacite-orthopyroxene granulite 	  	   	  	  
	  
0905C         
	  
Opx Opx Omp Omp Omp 
	  	   1 2 3 4 5 
La 0.16 0.09 4.57 4.98 3.94 
Ce 0.25 0.23 23.67 22.90 19.29 
Pr 0.05 0.02 4.69 4.53 3.88 
Nd 0.17 0.09 25.51 25.56 21.27 
Sm <LLD <LLD 7.29 7.27 6.42 
Eu 0.01 0.01 2.46 2.62 2.23 
Gd 0.05 <LLD 6.41 6.64 5.86 
Dy 0.10 0.10 5.95 6.20 5.20 
Ho 0.03 0.02 1.17 1.20 1.07 
Er 0.06 0.10 3.00 3.31 2.94 
Yb 0.18 0.15 2.90 2.81 2.92 
Lu 0.04 0.05 0.43 0.42 0.40 
	   	   	   	   	   	  
Table S1. Mineral REE concentrations correlated from EBSD microstructural analysis in presented in Figure S1.
